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Response inhibition deficits
and delay aversion:
Differences and similarities

Just assume for a moment that it’s not hypothetical.
Hans Teeuwen



Introduction

Uncertain situations or rapidly changing environments demand rapid responding, and humans
and animals are well equipped to do so. When swift actions are called for, humans and ani-
mals can adopt a heuristic decision-making process, acting fast and using limited information.
However, when an individual consistently exhibits rash, reckless or thoughtless behavior even
in inappropriate situations, that individual is considered impulsive. Individuals suffering from
severe impulsivity are severely hindered in their normal functioning: they have difficulties in
school, and are unable to hold a job or maintain a relationship. As such, impulsivity is a major
symptom of many mental disorders listed in DSM-1V, such as attention-deficit hyperactivity
disorder, mania, intermittent explosive disorder, and pathological gambling (2000). As a theo-
retical construct, impulsivity is rather ill defined. Although impulsivity is no longer seen as a
single concept by preclinical researchers, this notion has not entered the clinics yet (Evenden

1999).

The aim of this thesis is to find new drug targets for the treatment of impulsivity. To that end,
we review and extend an existing division of impulsivity into two different subtypes: deficits of
response inhibition and delay aversion. In the first case, impulsive individuals have difficulty in-
hibiting planned or ongoing behavior if the behavior is no longer appropriate. Also, impulsive
individuals have difficulty shielding planned or ongoing behavior from disruption by irrelevant
stimuli (Barkley 1999; Quay 1997). The second impulsivity subtype is the result of an inability
to wait for gratification. The value of rewards decreases with increasing delays to the availability
of that reward. For impulsive individuals, this decrease in value is faster than for non-impulsive
individuals (Ainslie 1975; Sagvolden et al. 1998; Sonuga-Barke et al. 1992). Response inhibi-
tion and delay aversion have recently been unified into a single theory as separate but comple-
mentary processes that can both lead to impulsive behavior (Johansen et al. 2002; Kuntsi et
al. 2001; Nigg et al. 2004; Solanto et al. 2001; Sonuga-Barke 2005). Although both response
inhibition deficits and delay aversion can lead to similar impulsive symptoms, the underlying

neural substrate and thus treatment may be very different.

In the first part of this chapter, response inhibition deficits and delay aversion will be reviewed
as causes of impulsivity. The focus will be on the significance of the subtypes of impulsivity on
everyday life, the methods available for measuring impulsivity subtypes in the laboratory, and
the pharmacology and neural substrate underlying the subtypes. The aim of the first part is to
establish the impulsivity subtypes as separate entities. In the second part of this chapter, the
similarities and relationships between the two subtypes will be discussed. The aim of the second
part is to suggest a framework for the integration of the two impulsivity subtypes. Finally, this

introduction will be closed by an overview of this thesis.
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Response inhibition deficits

Response inhibition is the ability to inhibit planned or ongoing motor responses when they are
no longer appropriate, or to protect ongoing or planned behaviors from interference (Barkley
1999). A lack of response inhibition is not necessarily pathological: some situations require
more self-control than others. A dangerous situation calls for rapid changes of behavior and
openness to outside stimuli, while a mentally challenging effort requires determination in on-
going and planned behaviors. A non-impulsive individual is able to adjust behavioral inhibition
according to the situation, while an impulsive individual displays a more consistent failure to
inhibit behavior or ignore interference. To illustrate inhibitory control, imagine a cup falling off
a table. The correct reflex would be to attempt to catch the falling cup, and preventing it from
breaking. While many of us will display this reflex, it is not always appropriate. If the falling
object would have been a sharp knife, it is better to let it drop to the floor than to try and catch

it with bare hands.

Inhibitory control is usually visualized as a horse race: a competition between hypothetical ex-
citatory and inhibitory signals (Logan 1994). Applying this model to our example, the knife is
recognized, the plan to catch the knife is formed, the response is prepared, and then executed.
When another part of the brain decides against catching the knife, it initiates an independent
inhibitory signal. If the inhibitory signal is able to catch up with and disrupt the excitatory
signal before it reaches a point-of-no-return, it wins and the response is inhibited. The knife is

thus allowed to fall.

Measuring response inhibition

The stop-signal task is the most often used measure of response inhibition in humans. In the
basic form of the stop-signal task, subjects respond to stimuli presented on a computer screen
by pressing a key on a keyboard (the go-stimuli). For example, subjects press a button each
time a ‘>’ is presented on the screen, and another button if an ‘<’ is presented. However, in a
percentage of randomly selected trials, usually around 25%, in addition to the go-stimulus a
second stimulus is presented (the stop stimulus) signifying that the subject should withhold all
responses. The stop stimulus (usually an audible signal) is presented after a certain interval fol-
lowing the go-stimulus, and occurrence of the stop-stimulus is completely unpredictable to the
subject. By varying the interval between the go-stimulus and the stop-stimulus, the researcher
has some control over the success the subject will have in inhibition. Inhibition success rates
and an estimation of the reaction time of the inhibitory process are both used as indices of re-
sponse inhibition (Logan 1994). The stop process reaction time has to be estimated because, if
an inhibition was successful, there is no response, and therefore no reaction times are measured
(Appendix A). In 2003, this task has been adapted for use in rats (Eagle and Robbins 2003a;
b). In the rat version, rats are trained to rapidly respond on two levers in succession. On trials
in which the stop-signal is presented in the interval between the two lever responses, rats are

to withhold responding on the second lever. The same basic principles that have been used for
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human subjects can be applied to rats as well.

The stop-signal task is not the only task measuring response inhibition. In the stop-change task,
subjects respond to the stop signal by executing an alternative response. Whether these two
tasks measure the same type of response inhibition is still under debate (De Jong et al. 1995;
van Boxtel et al. 2001).

The five-choice serial reaction time task is an animal analog of the human continuous perform-
ance task (Carli et al. 1983). In the five-choice serial reaction time task, animals are trained to
respond to brief (usually under 1 s) stimuli presented randomly in one of five apertures. The
success of the animals in making a response in the correct hole is a measure of attention. Since
the animal is primed to respond in one of the holes, these responses are sometimes executed
even before the stimulus is presented. These anticipatory responses may be a measure of impul-
sivity (Robbins 2002). No research, however, has directly investigated the type of impulsivity
measured in the five-choice serial reaction time task, and it is therefore unclear whether the
five-choice serial reaction time task is a measure of the same type of inhibitory control measured

in the stop-signal task.

Because response inhibition is a fundamental process, it is a component of many other meas-
urements besides those summed up above. Extinction learning is also often understood in terms
of competing excitatory and inhibitory signals. In extinction a previously reinforced response
is no longer rewarded. As a result, the frequency of the response decreases. Fast re-learning and
spontaneous recovery after having left the environment for a period of time indicate that the
stimulus-response association is not forgotten, but the subject has learned that the stimulus-
response contingency has changed (Rescorla 2004). Extinction is impaired in patients suffering
from ADHD and in the SHR, an animal model for ADHD (Johansen et al. 2002; Johansen and
Sagvolden 2004; Sagvolden et al. 1998; Sagvolden et al. 1992). Finally, aggression or irritability
may be mediated by poor response inhibition as well (Brunner and Hen 1997). The aggressive
act is executed without forethought, as signified by descriptions such as “hair-trigger” responses
(Barratt et al. 1997). Impulsive and aggressive behaviors go together in many mental disorders,
such as ADHD, Conduct disorder, and Oppositional Defiant Disorder (Turgay 2005).

The psychopathology of response inhibition deficits

The stop-signal reaction time task in humans is one of the most applied tests for measuring
impulsivity, and many studies are available in patients suffering from a wide variety of differ-
ent mental disorders. Both children (Konrad et al. 2000; Schachar et al. 2000) and adults
(Aron et al. 2003; Bekker et al. 2005; Murphy 2002; Wodushek and Neumann 2003) suffering
from attention-deficit hyperactivity disorder show decreased stop reaction times. Aggressiveness
can be the result of dysfunctional inhibitory control as well (Oosterlaan and Sergeant 1996).
Patients suffering from other mental disorders, such as autism (Ozonoff and Strayer 1997)

or schizophrenia (Badcock et al. 2002) do not display altered performance. Patients suffering
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from obsessive-compulsive disorder, on the other hand, show faster stop-signal response times
(Krikorian et al. 2004). In addition, several studies report on the effects of physical trauma to
various parts of the brain on stop-signal task performance (Dimitrov et al. 2003; Rieger and
Gauggel 2002; Rieger et al. 2003; Stewart and Tannock 1999), including Parkinson’s (Gauggel
et al. 2004) and Alzheimer’s disease (Amieva et al. 2004).

Conforming to the notion that stop-signal task performance and extinction speed are reflec-
tions of the same underlying process, children suffering from attention-deficit hyperactivity dis-
order are reported to respond twice as much as controls during extinction sessions (Sagvolden

et al. 1998).

Pharmacology of response inhibition

Relatively little is known about the pharmacology of inhibitory control, because until the re-
cent development of the stop task in animals, there was no clear measure of inhibitory control
in animals. Most pharmacological studies have therefore been done in humans, or in animal
tasks in which the nature of the impulsivity measured is less clear, such as the five-choice serial

reaction time task.

Dopamine

Although the main mechanism of action of psychostimulants such as D-amphetamine or meth-
ylphenidate is blocking the dopamine transporter and releasing dopamine, thereby causing
elevated dopamine concentrations in the synaptic cleft, many psychostimulants bind to other
proteins as well, including the serotonin and norepinephrine transporter (Gatley et al. 1996).
Methylphenidate elevates extracellular dopamine and norepinephrine levels, and D-ampheta-
mine elevates synaptic serotonin levels in the prefrontal cortex of rats, in addition to the effects
mentioned for methylphenidate (Kuczenski and Segal 1997). In humans, methylphenidate and
D-amphetamine have been proven effective in lowering impulsivity in the stop-signal task (Aron
etal. 2003; de Wit et al. 2002; Potter and Newhouse 2004). L-dopa, a dopamine precursor, has
no effect on stop-signal task performance, suggesting that the efficacy of methylphenidate is not

solely attributable to its effects on the dopamine transporter (Overtoom et al. 2003).

Impulsivity-decreasing effects of psychostimulants in the five-choice serial reaction time task
are found only under specific conditions. When impulsive responses are registered but not
punished, psychostimulants decrease impulsivity slightly (Bizarro et al. 2004). In addition,
dopamine depletion in the dorsal striatum does not alter the amount of impulsive responses in
the five-choice serial reaction time task (Baunez and Robbins 1999). This suggests that the type
of impulsivity measured in the five-choice serial reaction time task is not dopamine dependent.
As stated before, the type of impulsivity measured in the five-choice serial reaction time task is

unclear.
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Serotonin

Naturally occurring polymorphisms of the serotonin transporter gene are found to be associ-
ated with impulsivity (Lee et al. 2003) and violence (Retz et al. 2004), indicating a potential
involvement of serotonin in response inhibition. Local serotonin depletion leads to a failure of
response inhibition in several species and a number of tests. For example, lowering serotonin
by L-tryptophan (a serotonin precursor) depletion in healthy human volunteers results in an
increase in impulsive responding as measured by a stop-signal task (Crean et al. 2002) and a
continuous performance task (Walderhaug et al. 2002). Depletion by intracerebroventricular
administration of 5,7-DHT of rats leads to impulsivity as measured in the stop-signal task
(Harrison et al. 1999) and the five-choice serial reaction time task (Harrison et al. 1997; Win-
stanley et al. 2004c). Serotonin depletion by systemic injection of PCPA in rats leads to an
increased responding during extinction trials (Beninger and Phillips 1979), providing further

evidence of possible a link between response inhibition and extinction.

But there is much more to the serotonin system than serotonin transporter polymorphisms and
serotonin depletions. The serotonin system consists of fourteen receptors (Barnes and Sharp
1999), and not all of them are involved in impulsivity. Stimulation of the receptors that are
involved may even result in opposite effects. For example, in the five-choice serial reaction time
task, stimulating the 5-HT, receptor generally decreases impulsivity (Winstanley et al. 2003a;
Winstanley et al. 2004c), while stimulation of the 5-HT, -receptor generally increases impul-
sivity (Winstanley et al. 2004c).

Finally, aggression may be the result of dysfunctional response inhibition (Barratt et al. 1997;
Brunner and Hen 1997; Oosterlaan and Sergeant 1996), and pathological aggression may be
treated with a class of drugs called serenics, agonists of serotonin 1A and 1B receptors (Olivier
et al. 1994; Olivier and van Oorschot 2005). The effects of serenics have been shown to be the
result of their activity at postsynaptic 5-HT ;-receptors (Olivier and van Oorschot 2005), and
mice lacking 5-HT, -receptors display increased aggression and decreased inhibition (Bou-
wknecht et al. 2001; Brunner and Hen 1997). Serenics thus have a putative anti-impulsive

effect.

Norepinephrine

The role of norepinephrine in response inhibition is not very clear. Although atomoxetine,
a norepinephrine reuptake inhibitor, is effective in patients suffering from attention-deficit
hyperactivity disorder (Corman et al. 2004; Pataki et al. 2004), relatively few reports have ad-
dressed the effects of noradrenergic drugs in one of the tasks for response inhibition discussed
above. Depletion of forebrain norepinephrine slows extinction of several learned responses,
indicating a possible role for norepinephrine in response inhibition (Mason and Iversen 1977).
Furthermore, desipramine (a norepinephrine reuptake inhibitor) has been demonstrated not

only to be effective in attention-deficit hyperactivity disorder (Greydanus et al. 2002; Maid-
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ment 2003), but also to increase stopping performance in a human stop-signal task (Overtoom
et al. 2003). Methylphenidate is known to act at the norepinephrine transporter in addition
to its dopaminergic properties, perhaps adding to the therapeutic effects of the drug (Gatley
et al. 1996). It has been suggested that norepinephrine levels are especially important in their
relationship to dopamine levels: children suffering from attention-deficit hyperactivity disorder
have a lower norepinephrine activity as compared to dopamine activity than do controls (Oades
2002; Pliszka et al. 1996). These theories mainly address attention and attention-deficit hyper-

activity disorder, suggesting norepinephrine is especially important in attention.

Neural substrate of inhibitory control

Imaging and EEG measures strongly indicate the frontal cortex as the brain area mediating re-
sponse inhibition (Casey et al. 1997). During stop-signal task measurements, the frontal cortex
seems to be especially important for stopping behavior (Band and van Boxtel 1999; Overtoom
et al. 2002; van Boxtel et al. 2001). In addition to psychophysiological data, both accidental
lesions in patients and intentional lesions in animals signify the importance of the frontal cortex
in response inhibition. Patients with lesions of the frontal cortex (in particular the right half)
show significantly longer stopping speeds than controls (Rieger et al. 2003). Rats with lesions
of the prefrontal cortex show an elevated tendency to respond impulsively in the 3-choice serial
reaction time task, a variant of the task described above (Broersen and Uylings 1999). For an of
overview of the data supporting the frontal cortex as a locus of inhibition upstream to the mo-
tor cortex, see Band and Van Boxtel (1999). Unexpectedly, rats with medial prefrontal lesions
do not perform worse in the stop-signal task (Eagle and Robbins 2003b). Eagle and Robbins
suggest this lack of effect may be due to the other area of importance for stopping behavior: the
basal ganglia. The basal ganglia are thought to complement the frontal cortex in its inhibitory
function, although the exact mechanism is still unclear (Band and van Boxtel 1999). Like pa-
tients with damage to the frontal cortex, patients that have suffered damage to the basal ganglia

show impaired performance on a stop task (Rieger et al. 2003).

Delay aversion

Impulsivity can also be described as an aversion to waiting for rewards, often called delay
aversion, faster temporal discounting, or impulsive choice (Ainslie 1975; Barkley et al. 2001;
Sagvolden et al. 1998). Impulsive individuals that display delay aversion will choose an option
that does not require waiting or try to decrease the subjective waiting time by taking attention
away from the reward and the delay to obtain it. Like a failure of inhibitory control, delay
aversion is not necessarily pathological. Some situations require taking a more conservative
approach, while others may require squandering. Imagine you have obtained a large amount
of money. Spending everything the next day without saving some for more difficult times is
impulsive, but keeping money in the bank without ever using it may also be inappropriate. Ani-

mals that hoard food face a similar conflict. If an individual displays a consistent delay aversion
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without being able to adjust to the situation, the individual is characterized as impulsive.

The underlying principle in delayed reward paradigms is the discounting principle: the value
of a reward diminishes with the delay to obtaining the reward. The speed by which the reward
loses value is not a constant; rather it is described by a hyperbola: fast at first and more slowly
for longer delays (Green et al. 2005; Ho et al. 1999; Holt et al. 2003). In addition, the speed by
which rewards lose their value is dependent on the amount of the reward (Johnson and Bickel
2002). For additional information on the rat delayed reward task and hyperbolic discounting,
see Appendix B.

Measuring delay aversion

In a delayed reward procedure, subjects make a choice between a small, immediately available
reward and a large but delayed reward. Delay discounting has been observed in many species,
including humans (Kirby et al. 1999; Reynolds et al. 2004), rats (Bizot et al. 1999; Evenden
and Ryan 1996), mice (Isles et al. 2003), and pigeons (Wolff and Leander 2002). Humans gen-
erally fill out paper or computer-aided questionnaires, while animals make lever or nosepoke
responses (Alessi and Petry 2003; Evenden and Ryan 1996; Holt et al. 2003; Reynolds et al.
2004; Thiebot et al. 1985). The obtained rewards are also different: humans are generally re-
warded with money (sometimes the rewards are hypothetical), and animals with food or water.

Despite these differences, both methods yield very similar measures of delay aversion.

Originally, the delayed reward task in rats was conducted in a three-arm maze (Bizot et al.
1988; Thiebot et al. 1985), but recent versions are operant tasks. Animals choose between two
levers, one delivering a small but immediate reward, the other a large but delayed reward. In
the adjusting version of the operant task, the choices the animal makes determines the length
of the delay: a choice for the delayed reward increases the delay to the next trial, while a choice
for the immediate reward decreases the delay (Ho et al. 1999; Mobini et al. 2000a). Problems
with this approach make interpretation of the results difficult (Cardinal et al. 2002), and recent
research often uses a different approach in which the delays are not adjusted as a result of ani-
mal’s choices (Cardinal et al. 2000; Evenden and Ryan 1996; 1999; van Gaalen et al. 2005). In
the adjusting version of the task, animals switch between the response alternatives throughout
the session to maintain a steady state, while in the non-adjusting version of the task, only one
switch is necessary (although more may be made by the animal). Such task differences make
comparisons between results obtained with the two tasks difficult.

Discounting procedures can be used with other manipulations that decrease the value of a
reward as well. For example, in a probabilistic reward task, subjects choose between reinforcers
differing in size and probability (Ho et al. 1999; Rachlin et al. 1991; Reynolds et al. 2004).
A small reward can be obtained with certainty, while the larger reward can be obtained with
a probability less than 1 (Ho et al. 1999; Rachlin et al. 1991; Reynolds et al. 2004). This task

seems to represent a mechanism that is different from the mechanism underlying the delayed
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reward paradigm (Green and Myerson 2004; Green et al. 1999; Mobini et al. 2002; Mobini
et al. 2000b). Effort discounting is another type of discounting, in which the larger reward is
obtained only with an investment of more effort (Mitchell 2004; Silva and Gross 2004). These
alternative discounting procedures may prove very valuable in dissociating time perception

from impulsivity in delayed reward tasks.

The psychopathology of delay aversion

Children suffering from attention deficit hyperactivity disorder and oppositional defiant dis-
order display a greater temporal discounting of rewards than controls (Barkley et al. 2001;
Solanto et al. 2001). Faster discounting is also observed in alcoholics (Mitchell et al. 2005),
heroin-abusers (Kirby et al. 1999), cocaine-abusers (Coffey et al. 2003), and smokers (Reynolds
et al. 2004). Delay aversion is not just associated with substance abuse, as gambling addicts
also display delay aversion (Alessi and Petry 2003), suggesting that the used substances do not
induce delay aversion. Rather, delay aversion predisposes individuals to addiction. Impulsivity
as measured in a delayed reward paradigm predicts acquisition of intravenous cocaine self-ad-
ministration in rats (Perry et al. 2004), further suggesting a delay aversion as a trait predisposing
for addiction. Opiates themselves, however, may still lead to impulsivity in the delayed reward
task (Kieres et al. 2004).

Pharmacology of delay aversion
Animal delayed reward procedures have been available since 1985 (Thiebot et al. 1985), and the
effects of many psychoactive substances have been studied. Unfortunately, as stated above, the

use of different procedures in literature makes interpretation difficult.

Dopamine

Several studies have confirmed the beneficial effects of psychostimulants in delayed reward
tests. Psychostimulants lower impulsivity both in humans (de Wit et al. 2002; Pietras et al.
2003) and in rats (Cardinal et al. 2000; van Gaalen et al. 2005; Wade et al. 2000). As stated
above, the exact method can have a significant impact on outcomes of drug tests. The effects of
D-amphetamine illustrate this difficulty. If the delay to the large reward is signaled, effects of
D-amphetamine are more robust then when the delay is not signaled (Cardinal et al. 2000). In
a recent study, however, D-amphetamine lowers delay aversion even without signaling the delay
(van Gaalen et al. 2005). Other dopamine agonists, such as methylphenidate and GBR12909
have the same effect in rats (van Gaalen et al. 2005). Selective dopamine receptor agonists
and antagonists provide some insight into the dopamine subsystem involved in the alleviat-
ing effects of psychostimulants. The dopamine D -receptor antagonist SCH23390 increases
delay aversion, but eticlopride (a dopamine D -receptor antagonist) has no effects (van Gaalen
et al. 2005). When co-administered with D-amphetamine, however, eticlopride blocked its
anti-impulsive effects, indicating an involvement of the dopamine D -receptor in the effects of

D-amphetamine.
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Serotonin

The effects of manipulations of the serotonergic system on delay aversion are complex and in-
consistent. First, the different delayed reward tasks interact with serotonergic manipulations. In
a non-adjusting procedure in rats, serotonin depletion by local infusion of the neurotoxin 5,7-
DHT has no effects (Winstanley et al. 2003b; 2004a), but in adjusting procedures, impulsivity
increases (Mobini et al. 2000a). In pigeons, treatment with selective serotonin reuptake inhibi-
tors decreased delay aversion in a adjusting task (Wolff and Leander 2002). These discrepancies
may be the result of a fundamental difference between adjusting and non-adjusting delayed
reward tasks. In non-adjusting delayed reward tasks, animals choose the large reward until the
subjective value of the large reward is decreased by the delay to a value smaller than that of the
small reward. Thus, such procedures require at least only one switch. In adjusting procedures,
animals switch between the response alternatives throughout the session, thereby maintaining
the delay at a steady level. Non-adjusting delayed reward tasks therefore require less behavio-
ral flexibility than adjusting delayed reward tasks. From reversal procedures it is known that
serotonin plays an important role in cognitive flexibility. In a reversal procedure, a previously
reinforced response no longer delivers any rewards, while another previously non-reinforced
response is being reinforced. Serotonin depletion in the prefrontal cortex of marmoset monkeys
leads to cognitive inflexibility (Clarke et al. 2004). Similar results are found in tryptophan-
depleted human subjects, in which depletion of the serotonin precursor tryptophan leads to
lowered serotonin activity (Rubinsztein et al. 2001). Decreasing cognitive flexibility in the
delayed reward task has also been reported by Evenden and Ryan (1999), who show that ani-
mals administered a low dose of 8-OH-DPAT (a 5-HT ,-receptor agonist) make responses that
appear to be more random and less dictated by the delay. At very high doses of 8-OH-DPAT (1

mg/kg), animals choose the small reward almost exclusively (Winstanley et al. 2005).

Second, assuming that execution of any operant task requires more cognitive flexibility early in
training, manipulations of the serotonin system may also differ importantly between novice and
well-trained animals. This may account for discrepancies between studies. For example, 8-OH-
DPAT sometimes affects delay aversion (Evenden and Ryan 1999), and is sometimes ineffective
at the same dose (Winstanley et al. 2005).

Third, stimulation of the different serotonin receptors may cause opposite effects in the delayed
reward task (Evenden and Ryan 1999). As described above, 5-HT' ,-receptors are involved in
delay aversion, even though its role is still unclear. DOI, a 5-HT,-receptor agonist increased
delay aversion. Antagonists of 5-HT, and 5-HT -receptors have no effect on delay aversion,

suggesting that the circuitry involved in delay aversion is not under tonic control of serotonin.

And finally, after chronic administration, important changes occur in the serotonin system,
which possibly account for the delay in the therapeutic effects of serotonergic drugs (Belzung
et al. 2001). In the delayed reward task, buspirone (a partial 5-HT ,-receptor agonist) acutely

induces impulsive choice, while the same drug lowers delay aversion after chronic administra-
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tion. Because WAY-100635, a 5-HT ,-receptor antagonist blocks the effects of buspirone on
impulsive choice, effects on receptors other than 5-HT, ,-receptors cannot account for this
finding (Liu et al. 2004).

This leaves us to conclude that, while serotonin is involved in the execution of the delayed

reward task, its exact role in delay aversion is still largely unclear.

Norepinephrine

The role of norepinephrine in delay aversion is not very well studied. Van Gaalen and colleagues
(van Gaalen et al. 2005) found some effects of desipramine in the delayed reward task. Unfortu-
nately, their uncorrected post-hoc tests led to an overestimation of the significance of the results

of desipramine administration.

Neural substrate of delay aversion

Subjective reinforcer values are thought to result from dopaminergic signaling in reward ar-
eas of the brain, including the ventral tegmental area and the nucleus accumbens (Sonuga-
Barke 2003). Dopaminergic neurons from the ventral tegmental area project to the nucleus
accumbens, the striatum, and the prefrontal cortex (Kandel et al. 2000). The mechanism by

which dopamine signals subjective reward value is still unclear (Salamone and Correa 2002).

The prime area involved in waiting for delayed rewards is the nucleus accumbens core. Rats
with lesions to this area, but not the frontal cortex, display an impulsive profile in a delayed
reward task (Cardinal et al. 2001). This finding is in accordance with the pharmacology of the
delayed reward task, as many dopaminergic neurons are found in that area (Glaser et al. 2005).
Two other structures involved in execution of the delayed reward task are the orbitofrontal
cortex and the basolateral amygdala (Winstanley et al. 2004b). Animals with lesions to the
orbitofrontal cortex are unable to update the changing value of rewards as the delay increases
(Winstanley et al. 2004b). In a competing view, Kheramin and colleagues (2002) relate the
altered performance of orbitofrontal-lesioned rats in the delayed reward task to a decrease in
immediate reward values combined with a slower discounting rate. Their interpretation may be
confounded by their use of a hyperbolic discounting function, because the applicability of this
function in lesioned animals is unclear. Lesions of the basolateral amygdala induce impulsive
choice in rats, and it is suggested that animals are unable to maintain a representation of the
reward value during delays (Winstanley et al. 2004b). The basolateral amygdala has been shown
to be important for maintaining reward representations through dopaminergic mechanisms in

the striatum in other tests as well (Cador et al. 1989).
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Integrating impulsivities: the serial process model

The previous paragraphs have demonstrated a clear difference on several levels between response
inhibition deficits and delay aversion as possible causes for impulsivity. This distinction, how-
ever, has not made its way into clinical practice yet. Patients with ADHD are a very heterogene-
ous group, some suffering from response inhibition deficits (15%), some from delay aversion
(27%), while others display both impulsivity subtypes (29%) (Sonuga-Barke 2003). All of these
patients are treated similarly. Recognition of the heterogeneity of impulsivity may lead to better

and more specific treatments.

In hindsight it is difficult to see why impulsivity was ever seen as a single construct, but we
should not forget that the impulsivity subtypes have considerable overlap as well. First, response
inhibition deficits and delay aversion often go together very well (see Impulsivity outside the
lab). Second, psychostimulants work very well in patients suffering from ADHD, regardless of
their impulsivity types. And finally, there is an important role for serotonin in both response
inhibition and delay aversion. Having differentiated the two impulsivity subtypes in the previ-
ous paragraphs, we should therefore ask what the similarities are. The aim of this paragraph is
to unite the two impulsivity subtypes in a single model. In this model, response inhibition is
a reflection of competitions in response selection. Delay aversion is the result of preferences in
the reward circuitry, which then primes the response selection circuitry to the desired option
(Figure 1).

Figure 1 Relationship
between neurobiological
substrates of response
inhibition and delay dis-
counting. Arrows indicate
excitatory input, while Inhibition of
circles indicate inhibitory unwanted response

input. Dopamine in the ‘
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discounting speed Nucleus accumbens
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lm

Prefrontal cortex
Serotonin

l(-)

(+)

motivational areas deter-

mines delay-discounting .
speeds. Motivational areas Potential
communicate this prefer- responses
ence to the prefrontal
cortex, which in turn
inhibits the unwanted
option. In response
inhibition, a serotonin
filter similarly inhibits
unwanted responses.
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Serotonin lesions by local administration of 5,7-DHT causes a failure of response inhibition
in several tasks (Harrison et al. 19975 1999), but does not alter delay discounting speed (Win-
stanley et al. 2003b). However, in animals with serotonin depletion, D-amphetamine is not as
effective in reducing impulsivity as in intact animals (Winstanley et al. 2003b). We tentatively
conclude that serotonin is a necessary link in the process of alleviating impulsivity with psycho-
stimulants. We postulate that the process leading to the beneficial effects of psychostimulants
on aversion to delayed rewards eventually makes use of a pathway that is also responsible for the
effects of serotonergic manipulations on response inhibition. The two types of impulsivity are

thus ordered serially in the brain, and the final pathway is mediated by serotonin.

Serotonin appears to fulfill a dual role in this final pathway, mediating both response selections
in delay aversion tasks as well as in response inhibition. To unify these roles, we postulate that
serotonin is involved in response selection by inhibiting responses unwanted by high-level areas
(the prefrontal cortex). In a response conflict, where different parts of the brain favor different
actions, higher areas such as the prefrontal cortex, filter possible responses using an inhibitory
serotonin signal, thereby stopping unwanted responses and allowing favored actions to be ex-
ecuted. Manipulations to the serotonergic system therefore lead to alterations in the selection
of the desired response. This is exactly what is observed after administration of 8-OH-DPAT.
Binding of 8-OH-DPAT to the 5-HT ,-autoreceptor causes a decrease in serotonin release,
thereby causing a loss of control of the higher areas over response selection. At low dosages,
this will cause a more random pattern in choice, as observed by Evenden and Ryan (1999).
At higher dosages, control will be completely lost, and lower-level circuitry will determine the

choice made, causing a shift to the small but immediate reward (Winstanley et al. 2005).

In this model, dopamine is involved in response preference. If a preference is altered as a result
of administration of a psychostimulant, this changed preference leads to alterations in response
selection. Therefore, changes in preference cannot result in changes in behavior unless serotonin
is present to inhibit the unwanted response. Thus, D-amphetamine cannot attenuate impulsiv-
ity in delayed reward tasks in the absence of serotonin. This prediction is confirmed both after
depletion as a result of local 5,7-DHT infusion in the brain (Winstanley et al. 2003b), and
also after lowering available synaptic serotonin by stimulation of the 5-HT1A-autoreceptor by

8-OH-DPAT (Winstanley et al. 2005).

In tasks measuring response inhibition, such as the stop-signal task, serotonin is also involved in
the inhibition of unwanted responses, but in the stop-signal task, a response is unwanted when
it is deemed inappropriate as a result of an inhibitory stimulus. Without the inhibitory func-
tion of serotonin, the newly processed information cannot result in the appropriate response
selection. In such cases, response inhibition fails. In rats, deficits in response inhibition after
serotonin depletion are observed in many tasks, such as a go/nogo task (Harrison et al. 1999),
the five-choice serial reaction time task (Harrison et al. 1997), extinction (Beninger and Phil-

lips 1979), and certain types of aggressive behavior (Vergnes et al. 1986; Vergnes et al. 1988).
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In humans, tryptophan depletion may also lead to deficits in response inhibition (Crean et al.
2002).

Contributions of dopamine and serotonin can never be completely dissociated, as the two
systems interact on many levels (Sakaue et al. 2000). In particular from the field of addiction,
much is known about the influence of specific serotonergic drugs on the effects of psychostimu-
lants. Local activation of 5-HT ,-receptors in the nucleus accumbens can reduce the effects of
D-amphetamine on a conditioning task (Fletcher and Korth 1999). In addition, this manipula-
tion can also reduce responding for local injections of D-amphetamine (Fletcher et al. 2002).
The effects of cocaine and GBR-12909 (a dopamine reuptake inhibitor) have been shown to
be enhanced by stimulation of 5-HT -receptors (Parsons et al. 1996; Przegalinski et al. 2002).
Mice lacking 5-HT ,-receptors self-administer more cocaine during operant sessions (Rocha
et al. 1998). These data are supportive of a necessary serotonergic link in the realization of the

effects of psychostimulants.

One prediction of the serial-process model is that motivational areas in the brain are not re-
quired for proper response inhibition. Indeed, rats with lesions to the nucleus accumbens, a
structure of vital importance to delay aversion (Cardinal et al. 2001), do not show impaired
response inhibition (Eagle and Robbins 2003b). A potential problem with such research is that
most animal studies of impulsivity require the animal to respond for food. Lesions of motiva-
tional structures may impair food-motivated behavior.

Another prediction made by the model, is that inhibitory areas, like the frontal cortex, do play
arole in delayed reward tasks, but only in the modulating effects of psychostimulants. Unfortu-
nately, no studies have been conducted to directly investigate this prediction in delayed reward

tasks.
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Overview of this thesis

The aim of this thesis is to identify putative drug targets for the treatment of impulsivity. To that
end, we set out to find a good animal model for impulsive behavior. The best candidate was the
spontaneously hypertensive rat (SHR: Sagvolden et al. 1992; Sagvolden et al. 1993). In Chap-
ter 1, we examined the SHR in two tests for impulsivity: the five-choice serial reaction time
task and the differential reinforcement of low-rate responding (72 s) task. The results, especially
the effects of methylphenidate, were quite disappointing, and we therefore decided to take an-
other view on modeling in Chapters 2 and 3. In addition, the tasks we used in this first scudy
appeared to be unsuited for a very specific measurement of impulsivity subtypes. Therefore, in
Chapter 2, we tested isolation and group-reared animals in the stop-signal task and the delayed
reward task. The aims of this experiment were to develop these more specific measurements, to
understand the contribution the environment makes to the development of these two types of
impulsivity, and to find pharmacological targets for the treatment of these impulsivity subtypes.
In Chapter 3, we departed from the standard way of modeling disorders altogether and adopted
a new strategy based on endophenotypes. We quantified and correlated measures of response
inhibition, delay aversion, locomotion, extinction of learned responses, aggressive and sexual
behavior. While the important field of addiction was left out of this study, we conducted a study
in human subjects in Chapter 4 examining the relationship between addiction and delay aver-
sion. We conclude that delay aversion may share an underlying mechanism with extinction of
conditioned responses, aggressive behavior and addictive behavior. Therefore, in Chapter 5, we
tested several drugs not tested before in delayed reward tasks that bind to receptors thought to
be important in these behaviors: the dopamine D -receptor and the serotonin 5-HT |, and 5-
HT ,-receptors may be involved in addiction and aggression, and the NMDA-receptor may be
involved in extinction. The dopamine D ,-receptor agonist 7-OH-DPAT increased delay aver-

sion impulsivity, indicating a possible involvement in delay aversion. The 5-HT,,  _-receptor
g y

1A/1B
agonist eltoprazine slightly decreased delay aversion impulsivity, and we therefore examined the
effects of eltoprazine in Chapter 6 in more detail. In Chapter 6, we test the effects of eltoprazine
both on tests for response inhibition and for delay aversion. Much like D-amphetamine, elto-
prazine increased choice for the large reward and decreased response inhibition. A microdialysis
study indicated that this effect was probably not due to an effect on dopamine transmission. We
therefore conclude that the mechanism by which eltoprazine lowers delay aversion impulsivity
is unique and may be effective in the treatment of nonresponders to methylphenidate treat-

ment, or in the treatment of impulsivity with comorbid aggression.

Finally, we will discuss the two hypotheses outlined in this thesis. The first hypothesis states that
the two impulsivity subtypes are independent from each other, and describes the way in which
they are related to other behaviors, including aggression and extinction. The second hypothesis

is the serial-process model as outlined above.
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Impulsivity outside the lab

This thesis was written to support the theory that impulsivity consists of two separate and very
different constructs. The first is an inability to stop planned or ongoing behavior. The second is
an aversion to delays to rewards that are not immediately available. The way these constructs are
handled in this thesis suggests that the concepts are so very different, that the reader may won-
der why it has proven to be so difficult to recognize that impulsivity is not a unitary concept.
The answer consists of two parts. First, it is always easier to see things once you know what to
look for. As a result, the two concepts are very different in hindsight. Second, in real life situa-
tions, impulsive behavior often has elements of both constructs. To illustrate this point, I will

discuss two types of real-life impulsivity and identify the two constructs.

Impulsive shopping

Buying something on impulse can attain pathological degrees. Some people are unable to resist
spending huge amounts of money. This maladaptive behavior contributes to serious debts.
Approximately 3 out of 10 families are frequently or always in debt, and as much as 60% of
adolescents between 21 and 25 are in debt. Finally, approximately 200,000 Dutch families are
in serious financial trouble, and need help sanitizing their debts (NIBUD 2005).

Are impulsive shoppers unable to resist the thoughts associated with behaviors that lead to the
act of buying? They probably are. People with serious debts often can'’t resist buying some of the
items on display near the checkout (often DVDs, or over-priced candy), and feel regret almost
immediately after. Do impulsive shoppers not value savings the same way other people do?
They probably don’t. They might value a reward that is available in the future less then money

that can be spent immediately.

Unsafe sex

In 2005, the dangers of having unprotected sex are well known to everybody. Although 85%
of Dutch teenagers report using condoms when having sex (Tripp and Viner 2005), this figure
may drop to 30% on holidays (Rogstad 2004).

Why do people practice unsafe sex? Again, both types of impulsivity may contribute. First, they
may find it difficult to inhibit their behavior in the time leading up to the sexual act. Immedi-
ately after having sex, other considerations may gain importance. Another reason people have
unprotected sex on impulse may be that the risk of actually contracting a disease (or becoming
pregnant) is deemed very low. In other words, the immediate gain is favored over a distant

punishment.
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Spontaneously hypertensive rats do
not predict symptoms of attention-
deficit hyperactivity disorder
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Filip van den Bergh  'The validity of the Spontaneously Hypertensive rat (SHR) as a model for At-
Emilie Bloemarts  tention Deficit Hyperactivity Disorder (ADHD) is explored by comparing the
Johnny Chan  SHR with Wistar-Kyoto (WKY) and Wistar rats in a number of different tests.
Lucianne Groenink In the open field, SHR are hyperactive compared to both Wistar and WKY,
Berend Olivier  but only at specific ages. At those ages, methylphenidate (1 mg/kg) did not at-
Ronald Oosting  tenuate hyperactivity. Subsequently, a dose response study of methylphenidate
(0.1-10 mg/kg) was conducted in the Differential Reinforcement of Low-rate
responding (DRL)-72s and five-choice serial reaction time tests (5-CSRTT).
Compared to WKY but not Wistar rats, SHR performed worse on the DRL-
72s. Performance was not improved by methylphenidate (0.1-1.0 mg/kg). In
the 5-CSRTT, attentional performance was similar for all rat strains, but Wistar
rats made more impulsive responses than both the SHR and the WKY. Meth-
ylphenidate only attenuated impulsivity in Wistar rats. Because SHR do not
consistently display symptoms of ADHD across the different tests, and methyl-
phenidate effects were observed in both WKY and Wistar rats, but not in SHR,

we conclude that SHR is not a representative animal model for ADHD.



Introduction

Attention deficit hyperactivity disorder (ADHD) is a complex CNS disorder characterized by
hyperactivity, inattention and impulsivity. The disorder is diagnosed in 4% to 12% of 6- to 12-
year old children, and symptoms may persist into adulthood (Resnick, 2005; Wender, 2002;
Wolraich et al., 1998). ADHD is usually treated with methylphenidate or comparable mild
psychomotor stimulants. Although 70-90% of patients respond to such treatment, there are
several drawbacks to using stimulant medication. First, stimulants can induce insomnia, ano-
rexia, headache, and stomach-problems. Second, there is a potential for abuse, and not much is
known about long-term effects. And third, methylphenidate has a short half-life, further limit-
ing its use (Bolanos et al., 2003; Goldman et al., 1998). To discover new drug targets involved
in processes underlying ADHD, animal models are indispensable. Because the diagnosis of
ADHD itself is not without controversy, modeling ADHD in animals is difficult. Neverthe-
less, different animal models for ADHD have been proposed (Davids et al., 2003), of which
the spontaneously hypertensive rat (SHR) seems the best validated model. This rat strain seems
to display all three symptoms of ADHD: hyperactivity, an attention deficit, and impulsiv-
ity (Sagvolden, 2000). In addition, several biochemical differences between the SHR and the
normotensive controls are reminiscent of ADHD. SHR differ from controls in the dopamine
system, including an altered response to psychostimulants (Oades, 2002; Russell et al., 1998;
Russell et al., 2000b; Volkow et al., 2001), an increased noradrenergic activity (Russell et al.,
2000a), and a decreased serotonergic functioning (Kulikov et al., 1997; Nakamura et al., 2001).
The use of the SHR as a model for ADHD, however, is not without problems. Although the
SHR and WKY were derived from the same colony of outbred Wistar rats, they were derived
at different times (WKY after SHR) and therefore the WKY are not exactly the normotensive
genetic analog of the SHR (Okamoto, 1969), and an increasing number of studies address the
validity of the WKY rat as the control animal for the SHR. The WKY is known for its inactiv-
ity, leading to an exaggeration of the ADHD-like symptoms in the SHR. In fact, the WKY is
very susceptible to learned helplessness, and has even been proposed as a model for depression
(Wieland et al., 1986; Will et al., 2003). When both WKY and SHR are compared to other
often-used rat strains, it seems that the SHR is not so much hyperactive, but the WKY is par-
ticularly inactive instead (Bull et al., 2000; Pare, 1989; Sagvolden et al., 1993).

The usefulness of the SHR as a model for ADHD, however, is not defined by the resemblance
of its behavior to the symptoms of ADHD alone. Predictions about characteristics of ADHD
resulting from experiments using the SHR should correspond to findings in the patient popula-
tion, so the animal model may be used to test putative new medications (Geyer and Markou,
1995). Although necessary, predictive validity is not sufficient for a good animal model. Spe-
cifically, methylphenidate, the treatment of choice for patients suffering from ADHD, should
have a similar alleviating effect in the SHR and in the patient population (Aron et al., 2003).
Although there have been more studies on the effects of methylphenidate in the SHR, only few
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have tested the animal model in more widely validated tasks for attention and impulsivity, such
as the five-choice serial reaction time task (5-CSRTT), and the differential reinforcement of
low-rate responding (DRL) task (see for example Evenden and Meyerson, 1999; Sagvolden et
al., 1992b; Sagvolden et al., 1993).

The goal of the present experiment was to assess the validity of the SHR as a model for ADHD
in several well-validated tests for activity, attention and impulse control. The frequently used
Wistar rat served as a control in addition to the WKY, to counteract the previously described
problems associated with the WKY strain as a control strain. Furthermore, to assess the pre-
dictive validity of the SHR as a model for ADHD, the effects of methylphenidate on activity,

attention and impulsivity have been measured.

Methods

Experimental design

In Experiment 1, Wistar rats were used to establish a methylphenidate dose range using the
five-choice serial reaction time task. In Experiment 2, both male and female rats of all three
strains were repeatedly tested for locomotor hyperactivity in an open field test at age 30 d,
44 d, 58 d, 72 d, 86 d, and 100 d. In Experiment 3, another group (at age 30-44 d because
the previous experiment indicated that the differences between the SHR and the other strains
were largest at that age) consisting of all three strains was tested in the open field, now under
administration of methylphenidate. In Experiment 4, half of the animals used for Experiment
3 started the acquisition-reversal-extinction battery, used to measure general operant ability of
the animals because most tests for attention and impulsivity are operant tasks. Changes in such
basic operant behavior may underlie changes found in the performance on other, more com-
plex tasks, such as those used in Experiments 5 and 6. After the acquisition-reversal-extinction
battery, rats progressed to Experiment 5, and were trained in the DRL-72 s task, a test that has
been in use for over forty years (Richards et al., 1993; Woolverton and Alling, 1999). In this
task, animals are rewarded for pressing a lever - but only if the previous response was more than
72 s previously. Experiment 6, the 5-CSRTT, was conducted on the other half of the animals
used in experiment three (Carli et al., 1983; Robbins, 2002). In this task, animals are rewarded
food pellets for responding to brief flashes of light in one of five holes. The accuracy of respond-
ing serves as a measure for attention. Criterion performance for experiments five and six was
reached at approximately the same time, and the effects of 0.1, 1 and 10 mg/kg methylpheni-
date (p.o., 60 min before testing) on DRL and the 5-CSRTT performance were tested.

All operant procedures are available for download at the Medstate Notation Repository (www.

mednr.com).
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Subjects

The study was composed of six experiments conducted in three separate groups of rats. In the
first experiment, 20 male Wistar rats (HsdCpb:WU) obtained from Harlan (The Netherlands)
were used for an initial methylphenidate dose-response study. In the remaining experiments
three different strains were used: Wistar rats (HsdCpb:WU), Wistar-Kyoto rats (WKY/NHsd),
and Spontaneously Hypertensive Rats (SHR/NHsd). In the second experiment, 8 male and 8
female rats of the three strains were tested in the open field at different ages. The rats were bred
at the Faculty’s animal facility from parents obtained from Harlan (United States). For the third
experiment, 16 male rats of each of the three strains were used. The Wistar rats were bred at
Harlan’s facilities in the Netherlands, while Harlan imported both the 16 SHR as well as the 16
Wistar Kyoto rats from their United States facility. For the fourth, fifth and sixth experiment,

the same animals were used as in experiment three.

All animals were housed in groups of four of identical strain in a light (lights on from 7:00
AM to 7:00 PM), temperature (21 + 2 °C) and humidity (55 = 5 %) controlled facility. All
tests were conducted during the light phase. To motivate the rats (except those used in experi-
ment 2) to respond during the operant tasks, they were on a diet of 15 g of standard laboratory
chow per day and were rewarded food pellets for proper responses in the operant tasks. Animal
weight corresponded to 85 + 5% of free-food weight. Water was freely available. The animals
were weighed and checked for health problems weekly by a veterinary technician. The ethical
committee on animal experiments of the Faculties of Pharmaceutical Sciences, Chemistry and

Biology of Utrecht University, The Netherlands, approved the experiments.

Apparatus

The open field used in the second experiment was different from the open field used in the third
experiment. In the second experiment, open field tests were conducted in four square gray PVC
containers measuring 75 ¢cm by 75 cm and 40 cm tall. In the third experiment, cylinders of
45 cm in diameter and 30 cm tall were used. The movements of the animals in the open field
were tracked over 60 min via a video-system in real-time using Noldus Ethovision 3 (Noldus
etal., 2001).

Eight Skinner boxes (MED Associates) were used, all equipped with a food magazine, deliver-
ing 45 mg Noyes precision pellets Formula P (Research Diets, New Brunswick, USA). The
operant chambers were controlled by MED-PC IV software. Four of those eight boxes were
used for the acquisition-reversal-extinction tests and the DRL procedure, and were equipped
with retractable levers to the left and right of the food magazine. The remaining four boxes were
used for the 5-CSRTT, and were equipped with a five-hole nose poke wall opposite to the food
magazine. In each of these holes, a light stimulus could be presented, and nose poke responses

could be registered. In addition, motion detectors were mounted on the ceiling in these boxes.
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Open field

In the second experiment, animals were placed in the open field untreated. In the third experi-
ment, one hour before each open field test, animals (around age 30 d) were either injected with
saline or 1 mg/kg methylphenidate (p.o.). The animals remained in the open field for 60 min.

After the session, all subjects were returned to their home cage.

Acquisition-reversal-extinction battery

At the start of each acquisition session, both levers were extended into the operant cage. Sub-
jects received a food reward every time they pressed the left lever only. If subjects received 25
pellets in a 30-min session, they reached criterion, and received no more acquisition sessions.
Reversal sessions were similar to acquisition sessions, but in these sessions the animals had to
press the lever not reinforced in the previous session. All animals received two reversal sessions.
During the extinction sessions, both levers were again extended, but pressing the levers yielded

no food reward. All animals received five extinction sessions.

DRL-72s

Only animals that were included in the acquisition-reversal-extinction battery were trained on
the DRL schedule. Since these animals had just received extinction training, they had to be re-
trained to press the right lever for food reward. The right lever was the only extended lever dur-
ing the DRL training. After initial retraining, animals received one-hour DRL training sessions
daily. In these sessions, only responses that were more than 6 s after the previous response were
rewarded. The minimum inter-response time was increased over the course of the training until

the target inter-response time of 72 s had been reached (6s, 125,24 s, 365,485, 60's, 72 s).

When subjects reached the target inter-response time, they were injected with methylphenidate
one hour prior to the test. The dosages (0.1 mg/kg, 1.0 mg/kg and 10 mg/kg) were admin-
istered according to a within-subjects Latin-square design. Drug tests were conducted in two

consecutive weeks on Tuesday and Thursday.

Five-choice serial reaction time task

In phase 1, animals were habituated to the operant chamber by putting them in the operant
chamber for 15 min, while 15 pellets were freely available in the food magazine. Phase 2 habitu-
ated animals to the feeder over the course of two 20-min sessions where food was dispensed
every 20 s. In phase 3 animals were trained to make nose pokes in one of the lit apertures of the
5-hole wall. During this phase, the same aperture was lit all the time. Animals reached criterion
performance if they made more than 50 nose pokes during a 20 min session. Then, the final
training phase commenced. Sessions of this type lasted either an hour, or until 100 trials had
been initiated. To start a trial, animals were required to make a nose poke in the food magazine.
After the variable (5-10 s) inter-trial interval, a randomly selected aperture was lit, and animals

were rewarded for responses in that aperture either during the presentation of the stimulus, or
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during the limited hold period that followed presentation. The stimulus presentation times
were decreased during training (30's, 10's, 5's, 2's, 1 s), while the limited hold period was
fixed at 5 s. Responses into any other aperture than the target or a failure to respond at all were
punished by a timeout. During a timeout, the house light was extinguished for 5 s, after which
a magazine nose poke initiated the next trial. For the first experiment (the dose-response study)
and the first part of the second experiment (the strain comparison), anticipatory responses were
punished by timeout. To increase the chances of finding an effect of methylphenidate, anticipa-
tory responses were no longer punished during the second part of the training for the second
experiment (Hahn et al., 2002).

If the subjects’ performance at the target stimulus duration (1 s) was adequate (%correct>60%,
%omissions<15%), animals were injected with methylphenidate one hour prior to the test.
The criteria were obtained by inspecting the performance daily until no further improvement
was made. The dosages (0.1 mg/kg, 1.0 mg/kg and 10 mg/kg) were administered according to
a within-subjects Latin-square design. Drug tests were conducted twice per week on two con-

secutive weeks on Tuesday and Thursday.

Data reduction and analysis

All data were analyzed using the SPSS General Linear Model procedure. Variables with a not-
normal distribution as determined by visual inspection and by the Kolmogorov-Smirnov test
were translated using a log-transformation. Significant differences (p<0.05) were further ex-
plored using Bonferroni corrected post-hoc comparisons. For strain differences, all strains were
compared. For drug effects, comparisons to vehicle conditions were made and p-values were

multiplied by the number of non-vehicle administrations to correct for multiple comparisons.
p Y p p

In the open field, drug administration and open field session were entered into the general lin-
ear model as a between-subjects variable, while the time served as a within-subjects variable. In

the DRL and the 5-CSRTT, drug administration was analyzed as a within-subjects variable.

The acquisition-reversal-extinction battery was analyzed in three parts. First, the acquisition
times were compared. Then, the number of responses on the reinforced lever compared to
the number of non-reinforced responses was compared for the three strains. Finally, the three

strains were compared by the number of responses in the five extinction sessions.

Statistical analysis of responding in the DRL was not restricted to the number of obtained
rewards. The responses during the session were collected in 6 s bins, allowing for the calcula-
tion of the burst ratio (the number of responses made in the 0-6 s after a previous response
compared to the total number of responses), the peak area and the peak location. An elaborate

description of this method is provided by (Richards et al., 1993).

Correct and incorrect responses in the 5-CSRTT were calculated as a percentage of the total
number of trials that ended in nose poke. Anticipatory responses and omissions however, were

calculated as a percentage of all initiated trials. Other measures included in the analysis were
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activity as measured by the ceiling-mounted motion detectors, number of magazine responses
(sometimes taken as a measure for activity) and the latency to collect rewards (sometimes taken

as a measure for motivation), make correct responses and to make incorrect responses.

Drugs

To closely simulate clinical administration, methylphenidate hydrochloride derived from Rita-
lin tablets (Novartis Pharma, Arnhem) were used. Tablets containing 10 mg of methylpheni-
date were crushed and suspended in gelatin (0.5%)/mannitol (5%). Suspensions were freshly
made every morning, and vortexed before every administration. Ground tablets have not been
used before in such research, and because ground tablets (including additives) administered
orally may have different pharmacokinetic properties due to a slower absorption rate, we con-
ducted a dose-response study to establish an optimal dose range. First, 5 mg/kg, 10 mg/kg and
20 mg/kg were tested followed by a lower range: 0.5 mg/kg, 2.5 mg/kg and 5 mg/kg (p.o., at
60 min before testing). Based on those results, the dose range for the strain comparisons was
determined to be 0.1 mg/kg, 1.0 mg/kg and 10 mg/kg. At the highest dose, dopamine levels
in the nucleus accumbens have been shown to more than double after an hour (Gerasimov et
al., 2000). Although this dose range is not identical to ranges used in other studies (Thai et
al., 1999), the pilot study indicated the range to be optimal for oral administration of ground
tablets, allowing for the measurement of both stimulating (high dose) and calming (low dose)
effects of methylphenidate. Oral administrations were performed by a skilled technician in

freely moving animals.

Results

Experiment 1: Methylphenidate in the five-choice serial reaction time task

The effects of oral administration of methylphenidate on premature responding in the 5-CS-
RTT were dependent on dose (see Figure 1). In the first experiment using high dosages (5,
10, 20 mg/kg), methylphenidate significantly elevated anticipatory responding (F[3,51]=13.0,
p<0.005). This effect was significant at 10 mg/kg and 20 mg/kg (p<0.05 and p<0.001 respec-
tively). In the second experiment using lower dosages, methylphenidate also significantly altered
anticipatory responding (F[3,8]=5.0, p<0.05). Although this decrease was most pronounced
(41%) at 0.5 mg/kg, it did not reach statistical significance. For further experimentation, a dose
range was chosen that incorporated both slightly lower and slightly higher dosages (0.1 mg/kg,
1.0 mg/kg), as well as a dose that resulted in an increase of anticipatory responses (10 mg/kg).
In addition, it was decided to use an adapted version of the 5-CSRTT would be used to maxi-
mize the effects of methylphenidate. If anticipatory responses go unpunished by timeout, the

test becomes more sensitive to the effects of psychostimulants (Hahn et al., 2002).

Experiment 2: Effects of gender and age on open field activity

As can be seen in Figure 2, the development of activity was different for the three strains (age x
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strain interaction: F[3.5,195]=3.5, p<0.005). As a result of the complex interactions, not one
strain can be said to be more active than the others across the entire 100 days (main effect of
strain: F[2,39]=2.9, ns). At age 30 d, however, male SHR are more active than WKY (separate
ANOVA: F[2,41]=4.6, p<0.005, SHR vs. WKY: p<0.05). Because of the SHRs hyperactivity
at that time, 30 day old animals were also used in Experiment 3. Hyperactivity of the SHR was

not found in female rats.
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Figure 1 Effects of methylphenidate in two dose ranges on anticipatory responses in the SCSRTT. Values are cumula-
tive mean responses + SEM. Significant effects of methylphenidate are indicated with * (p<0.05).
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Figure 2 Development of open field activity over six different ages. Distance moved
in the open field by male rats is shown in the left graph while activity of female rats is
shown in the right graph. Values are total distance moved over 60 m + SEM. Male SHR
are significantly more active at 30 d, while Wistar rats are more active at 86 d.
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Experiment 3: Effects of methylphenidate on open field activity

The activity of the three strains on the three consecutive open field tests with and without
administration of 1 mg/kg methylphenidate is depicted in Figure 3. Across all three sessions,
SHR were significantly more active in the open field than Wistar Kyoto rats (main effect:
F[2,22]=9.5, p<0.005, SHR vs. WKY: p<0.005). The difference between WKY and Wistar rats
was almost significant (p=0.055), whereas activity of SHR and Wistar rats did not differ.

Although the treatment x strain interaction was not significant (F[2,22]=2.6, p=0.1), treat-
ment effects were calculated separately for each strain. Both the SHR and the normal Wistar rat
showed no effect of the 1 mg/kg dose of methylphenidate administration (F<1 in both cases).
The activity of the WKY rat, however, was suppressed by methylphenidate (treatment main ef-
fect F[1,8]=6.6, p<0.05; treatment open field session interaction F[2,7]=4.7, p=0.05). Further
exploring this suppression shows that it was particularly apparent in the third open field test
(where F[1,11]=6.2, p<0.05).
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Figure 3 Effects of strain and methylphenidate on cumulative locomotor activity in
three consecutive sessions (once per week, starting at age 30 d) of the open field test.
Treatments across the three sessions were always the same. Values are cumulative

distance + SEM. Significant effects of methylphenidate are indicated with * (p<0.05).
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Experiment 4: Acquisition-reversal-extinction battery

The time to acquire lever-pressing did not differ for the three strains (meantsem: Wistar: 27+6.8
min, WKY: 55£15.2 min, SHR: 38+6.4 min; F[2,20]=1.8, NS). The number of responses on
the non-reinforced lever during the two reversal sessions was also not different across groups
(F[2,20]=1.2, NS for the first reversal, F[2,20]<1 for the second reversal session). Although the
WKY rats lagged behind during the session, the session completion time was not significantly
longer (F[2,20]=2.7, p=0.092). During the five extinction sessions (Figure 4), the SHR re-
sponded significantly more than both other strains, and the Wistar rats made significantly more
responses than the WKY rats (main effect: F[2,19]=26.9, p<0.001, SHR vs. WIS: p<0.001,
SHR vs. WKY: p<0.001, WIS vs. WKY: p<0.05).

Experiment 5: DRL-72s

The number of rewards obtained and the burst ratio in the DRL is depicted in Figure 5. The
other parameters of the DRL (peak latency and peak area) are summarized in Table 1. One
Wistar rat was removed from the analysis because it performed too well (26 rewards obtained

while the Wistar group mean was 4.3 rewards, Cook’s distance was 0.95).

SHR received significantly fewer rewards than WKY rats (main effect: F[2,18]=5.3, p<0.05,
SHR vs. WKY: p<0.05). The mean number of rewards obtained by the Wistar rats was lower
than the mean for the WKY rats, but higher than the mean for the SHR, resulting in no sig-
nificant differences. Administration of methylphenidate led to a significant overall decrease in
rewards obtained (F[3,16]=3.6, p=0.038), post hoc tests confirmed that 10 mg/kg methylphe-

nidate resulted in a decrease in rewards obtained compared to the vehicle condition (p<0.05).

Wistar rats

vehicle 0.1 mg/kg 1.0 mg/kg 10 mg/kg
Peak latency *¢  31.2 8.2 33.9+5.8 32.9+6.0 30.3+5.6
Peak area 0.3+0.1 0.3 +0.04 0.3+0.03 0.4 +0.1

Wistar-Kyoto rats

vehicle 0.1 mg/kg 1.0 mg/kg 10 mg/kg
DPeak latency *¢  35.8 3.3 36.1 £5.1 38.2+27 27.6+2.0
Peak area 0.4 +0.03 0.4+ 0.04 0.4 +0.04 0.4 £0.03

Spontaneously hypertensive rats

vehicle 0.1 mg/kg 1.0 mg/kg 10 mg/kg
DPeak latency *¢  23.8 2.1 294 £3.5 26.4 £2.5 21.9+25
Peak area 0.3 £0.03 0.4+ 0.04 0.4 +0.03 0.3 +0.04

Table 1 DRL peak analysis parameters. The table values indicate scores + standard error of the mean.
*s significant strain effect p<0.05, * significant drug effect p<0.05
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‘Wistar rats

vehicle 0.1 mg/kg 1.0 mg/kg 10 mg/kg
Time to complete session (min) * 243+06 248+04 253+1.2 247+0.6
%Incorrect during stimulus 21.5+4.5 209+63 185+54 244+7.6
%Incorrect during limited hold 9.1+1.6 9.0+12 94+1.1 7.5+2.0
%Omissions 51+1.1 64+21 7.0+1.8 7.7 +2.6
%DPerseveratives 1.4+1.0 1.0+05 0.7+0.3 0.9 £0.3
Magazine responses 94+07 97+09 96+£1.0 9.3+1.0

Wistar-Kyoto rats

vehicle 0.1 mg/kg 1.0 mg/kg 10 mg/kg
Time to complete session (min) * 298+1.0 362+4.0 303+2.0 372+39
%Incorrect during stimulus 176 +42 18.0+55 168+3.6 17.5+5.1
%Incorrect during limited hold 9.6+14 77+1.6 9.7+1.0 93+1.3
%Omissions 11.6+2.5 12.7+3.1 9.8+22 11.1+2.5
%DPerseveratives 0.9 £0.3 09+02 1.0+04 0.7 £0.1
Magazine responses *¢ 73+04 56+08 7.1:£0.6 6.0+£0.9

Spontaneously hypertensive rats

vehicle 0.1 mg/kg 1.0 mg/kg 10 mg/kg
Time to complete session (min) ** 325+1.8 34.1+17 33.7+12 37339
%Incorrect during stimulus 25.7+4.0 27.8+52 27.0+4.0 26.1+52
%Incorrect during limited hold 125+29 10.6+1.7 122+1.6 182+6.5
%QOmissions 9.6 £3.3 86+34 9.1+36 18.5+9.7
%DPerseveratives 29+1.3 37+1.7 25+1.2 2.1+0.8
Magazine responses *¢ 11.5+0.7 10.6+1.0 9.6+0.8 8.6+1.3

Table 2 Miscellaneous parameters for the five-choice serial reaction time task. The table values indicate scores + stand-
ard error of the mean. * indicates a significant strain effect p<0.05, *¢ indicates a significant drug effect p<0.05
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Burst responding was largely dependent on strain (F[2,18]=7.0, p<0.01). The dose x strain
interaction was also significant (F[6,34]=3.0, p<0.05). SHR show up to 600% higher burst
ratios than other strains (SHR vs. WKY: p<0.01, SHR vs Wistar: p<0.05). Burst ratios of
WKY and Wistar rats did not differ significantly. To further explore the dose x strain interac-
tion, the dose effects were analyzed separately for each strain. The effects of methylphenidate
on burst responding were strongest in the SHR although the results did not reach signifi-
cance (F[3,4]=5.4, p=0.069). There were neither strain nor dose differences on the peak area
(F[2,18]<1, F[3,16]<1, respectively).

The main effect of strain on peak latency did not reach statistical significance (F[2,18]=3.1,
0.069), but the peak latency was sensitive to methylphenidate (F[3,16]=4.4, p<0.05). A post-

hoc analysis revealed no differences between dosages.

Experiment 6: Five-choice serial reaction time task

Figure 6 shows the accuracy of responding, the number of anticipatory responses and the activity
in the 5-CSRTT. Other five-choice measures are listed in Table 2. WKY rats took significantly
longer to reach criterion than both the SHR and the Wistar rats (meantsem: Wistar: 9+0.4 ses-
sions, WKY: 16£1.9 sessions, SHR: 11+1.0 sessions; main effect: F[3,21]=7.9, p<0.005, SHR
vs. WKY: p<0.005, SHR vs. Wistar: p<0.05). SHR were about as fast to acquire the task as
Wistar rats. Correct responses in the 5-CSRTT did not depend on strain (F[3,18]<1). Because
the dose x strain interaction bordered significance for the anticipatory responses (F[3,18]=2.2,
p=0.061), the strain differences were calculated only for the vehicle group, and the drug dif-
ferences were analyzed for each group separately. The main effect of strain was significant
(F[2,20]=4.2, p=0.031), due to the difference between the Wistar rats (the group that scored
the most anticipatory responses) and the WKY rats (p<0.05). The higher number of anticipa-
tory responses of the Wistar rats did not differ statistically from the level of the SHR (p=0.088).
The effects of methylphenidate were present only in the Wistar group, where the main effect of
dose was significant (F[3,4]=18, p<0.01). Post hoc comparisons show that 0.1 mg/kg signifi-
cantly lowered impulsivity compared to vehicle (p<0.05). Activity in the operant cage as meas-
ured by ceiling-mounted motion detectors was dependent on strain (F[2,20]=13.2, p<0.001).
Both the SHR and the Wistar rats were significantly more active than the WKY rats (p<0.001
for both comparisons). The SHR were as active as the Wistar rats (p=0.11).

Session duration was dependent on strain (F[2,20]=18.8, p<0.001). Wistar rats completed the
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session faster than both SHR and WKY rats (Wistar vs. SHR: p<0.001, Wistar vs. WKY:
p<0.001). The time to complete the session was not different for SHR and WKY rats. Incor-
rect responses during stimulus presentation and during the limited hold were not affected by
strain (F[3,18]<1 for both). The slightly higher level of omissions of the WKY rats was also not
significant (F[3,18]<1). Because of a tendency towards a dose x strain interaction (F[6,38]=2.0,
p=0.089), the data were analyzed separately. For the SHR and the WKY rats, a decrease of mag-
azine responses was measured with increasing dosages of methylphenidate. This decrease did
not reach statistical significance (F[3,5]=4, p=0.085 and F[3,5]=3.7, p=0.098 respectively). For
the Wistar rats, there was no such pattern (F[3,4]<1). The latency to collect obtained rewards,
the latency to make a correct response and the latency to make an incorrect response were no
different for each of the three groups (main effects: F[3,18]=1.0, NS, F[3,18]<1, F[3,18]<1

respectively).

Discussion

The aim of the present research was to validate the SHR as a model for ADHD. SHR were
more active in the open field than WKY rats, but only at specific ages. Furthermore, this activ-
ity was not normalized by methylphenidate, only WKY were less active with methylphenidate
administration. Acquisition and reversal of lever pressing was not different, but SHR did show
slower extinction. SHR made more burst responses and received fewer rewards in the DRL, but
methylphenidate did not normalize their performance. SHR did not show an attention deficit
in the 5-CSRT'T, and were less impulsive than Wistar rats. Only impulsivity of Wistar rats was
alleviated by methylphenidate.

The diagnostic and statistical manual (DSM-IV) describes the first symptom, hyperactivity,
as an inability to remain seated or keep quiet, and as often on the go. In animals, activity is
most frequently measured in the open field. Open field behavior of the three strains has often
been studied, although the data are not very consistent. SHR are sometimes more active than
control strains (Hard et al., 1985), while sometimes control strains are more active (Ferguson
et al., 2003; Sagvolden et al., 1993). This hyperactivity is not always present at the first session
(e.g. Knardahl and Sagvolden, 1979), and sometimes psychomotor stimulants suppress this
activity (Myers et al., 1982; Wultz et al., 1990). In the present study, only young (30 d old)
SHR traveled much more than WKY. At the same age, Wistar rats traveled about as much as
the SHR, but the pattern of activity over an hour in the open field is different. Although Wistar
rats are as active as SHR in the first fifteen minutes of the test, in the remaining 45 minutes,
Wistar rats are about as active as WKY rats. The different origins of the animals cannot account
for this difference, as the results of animals bred in our facility (Experiment 2) and imported
animals (Experiment 3) are very similar. Why do juvenile SHR keep exploring the open field?
Previous studies have shown that SHR do not habituate to novel environments as fast as WKY

do (Hendley et al., 1985). Are they, like hippocampally damaged animals, unable to remember
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where they have been (Good and Honey, 1997)? Performance of SHR in the Morris water maze
suggest they do not have a worse spatial memory, and may even exhibit faster spatial orienta-
tion than WKY and Sprague-Dawley rats (Diana, 2002; Ferguson and Cada, 2004). Perhaps
the SHR rats are less anxious than the other two strains. Indeed, 74 day old SHR display less
anxiety-related behavior in the elevated plus maze (Ferguson and Gray, 2005). Anxious WKY
rats may habituate to the open field with repeated exposure, and may therefore also explain why
WKY rats display increased locomotor activity in the third session of Experiment 3. Whatever
the cause of locomotor hyperactivity in the SHR, this increase is not attenuated by administra-
tion of methylphenidate. In contrast, activity of the WKY is attenuated by methylphenidate.
Although it would be interesting to study why this hyperactivity disappears over time, the
insensitivity to methylphenidate suggests that this process is unrelated to ADHD.

Comparing our results to literature, we conclude that SHR show badly replicable performance
in the open field (Ferguson et al., 2003; Hard et al., 1985; Knardahl and Sagvolden, 1979;
Myers et al., 1982; Sagvolden et al., 1993; Wultz et al., 1990). Based on replicability and phar-
macology, we conclude the SHR in the open field is not a useful model for ADHD.

As a measure of the second symptom of ADHD, an attention deficit, the 5-CSRTT was used,
an operant task in which animals are trained to detect brief flashes of light. The accuracy of
responding reflects attention, while the ability to withhold responses until a stimulus has been
presented measures impulsivity. In line with previous research, SHR perform no different from
Wistar controls (De Bruin et al., 2003). WKY rats show a similar level of accuracy, but required
more sessions to reach criterion performance. This slower acquisition may be related to the
inactivity of the WKY rats, which was also reflected in the activity levels as measured by the
motion detectors. Because the SHR were not less accurate, and because methylphenidate did
not result in increased attention, SHR in the 5-CSRTT do not seem to be a good model for
ADHD. In addition, the present results add to the notion that the WKY rats’ inactivity makes

it an unsuitable control.

The final symptom of ADHD is impulsivity. Impulsive responses are rapid responses made
without much forethought or deliberation (Evenden, 1999). Patients fail to delay their re-
sponses to the appropriate moment: they give answers before questions are completed or are
unable to wait their turn in games. To test for impulsivity in rats, the DRL and the 5-CSRTT

were used.

In the DRL, animals are rewarded food pellets for pressing a lever 72 s after their previous lever
response. The SHR and the WKY have been tested in this paradigm before, using the Sprague-
Dawley strain as an additional control (Bull et al., 2000). There have not been many reports of

the effects of methylphenidate in the DRL, but other psychomotor stimulants generally worsen
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performance (Balcells-Olivero et al., 1998; Balcells-Olivero et al., 1997; Sabol et al., 1995). In
the present study, SHR received less rewards than the WKY controls, but not compared to the
Wistar rats. In accordance with the lower amount of rewards, the peak location for the response
distribution curve of the SHR was shifted towards the left. In addition, they made more burst
responses than both control groups. These results matched reports of performance of SHR
in the DRL (Bull et al., 2000). In addition to that replication, we extended those results by
measuring the effects of methylphenidate in all three strains. The first effect of methylphenidate
was a decrease in rewards consistent with earlier reports (Seiden et al., 1979). In contrast to
both control strains, the performance of SHR was unaffected by methylphenidate, even though
it allowed more room for improvement. The second effect of methylphenidate was on burst
responses. Unfortunately, no post-hoc comparisons were significant, probably due to the small
number of animals. How should we interpret the elevated burst responding of the SHR, and
the effects of methylphenidate on these fast responses? Perhaps the same neural mechanism
that led to burst responding in the DRL led to persistent responding during extinction ses-
sions in the acquisition-reversal-extinction battery. During the extinction sessions, SHR pressed
the non-reinforced levers as much as twice more than the Wistar controls. The link between
burst responses in the DRL and extinction is supported by significant correlations (Pearson’s
correlation coefficient r) between the burst ratio and the number of responses during the five
extinction sessions ranging from 0.52 (in the fourth extinction session; p<0.01) to 0.81 (in
the fifth extinction session; p<0.01). Because of the association between extinction and burst
responding, the slower extinction is more likely due to motor hyperactivity rather than deficient
memory. Slower extinction can experimentally be induced by serotonergic depletion (Beninger
and Phillips, 1979), a procedure that can also lead to an increase in burst responses (Jolly et al.,
1999). Persistence during the extinction sessions and elevated burst responses in the SHR are

probably related to serotonergic hypofunctioning in the striatum (Nakamura et al., 2001).

The 5-CSRTT provided a second measure of impulsivity: the anticipatory responses made
before the stimulus was presented. Contrary to the DRL findings, the SHR were not the most
impulsive group. Previous research also reported the SHR is no more impulsive than control
groups (De Bruin et al., 2003). In addition, in the present experiment, the more impulsive Wis-
tar rats responded to methylphenidate by a decrease in impulsivity, while the other strains did
not. The impulsivity-attenuating effect of methylphenidate was in accordance with literature
(Bizarro et al., 2004), and more pronounced than the data from the initial methylphenidate
dose-response study. The increase of effectiveness of methylphenidate compared to the initial
dose-response study may be due to the anticipatory responses not being punished by timeout
(Hahn et al., 2002). In the present study, SHR did not display lowered impulsivity at the
same dose or any other dose. The cause of this failure may be due to altered methylphenidate
metabolism in SHR (in particular a possible faster clearance), but this will remain speculation

without further research.
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It is unclear why the 5-CSRTT measure for impulsivity is different from the DRL data and the
extinction data, although changes made to the 5-CSRTT may be responsible: in the present
experiment, anticipatory responses were not punished by timeout. Although this may have
increased our chances of finding an effect of methylphenidate, this may also have decreased our
chances of finding a strain effect and concordance with the burst ratio. Anticipatory responses
in the adapted version of the 5-CSRTT task may be a measure of a different type of impulsivity
than the burst responses in the DRL (Evenden, 1999). Performance in the DRL may be more
related to motor inhibitory control (Pattij et al., 2003), while impulsive responses in the 5-CS-

RTT may be a measurement of a more general concept of impulsivity.

In the DRL, the SHR are more impulsive, but this task was not sensitive to methylphenidate.
The 5-CSRTT on the other hand, was sensitive to methylphenidate, but did not indicate the
SHR as more impulsive. Deciding what is the right test for measuring impulsivity is difficult,
but neither aids in distinguishing the usefulness of the SHR as a model for ADHD. Either the
5-CSRTT is chosen and there is no impulsivity effect, or the DRL is chosen and the predictive
validity cannot be established.

This research adds to a growing body of work indicating that SHR are not a reliable, nor a
readily reproducible, model for ADHD (Bull et al., 2000; Ferguson and Cada, 2003). Several
findings indicate that performance of the SHR is very different from performance of WKY
controls, but there are major problems with this comparison. When the SHR is compared to
Sprague-Dawley rats or to Wistar rats such as in the present research, the WKY appears to be
a very inactive and non-impulsive animal compared to other widely used rat strains, and may
be unsuited as a control (Bull et al., 2000; Diana, 2002; Pare, 1989; Sagvolden et al., 1993). In
addition, the lack of efficacy of methylphenidate at the tested dosages for any of the domains
of ADHD further limits the usefulness of the SHR. Because methylphenidate was effective in
several other tests and strains in the present research, this lack of efficacy cannot be attributed

to the used dosages.

There is some evidence that SHR can be divided into two subpopulations, one impulsive and one
normal (Adriani et al., 2003). The division into subgroups was not tested extensively, however,
as the resulting subgroups were very small. Therefore, before accepting that hypothesis much
more research is necessary to make sure that this distinction is not an artifact. Furthermore, the
effects of psychostimulants in delayed reward paradigms (a shift towards the large but delayed
reward) found in the SHR (Adriani and Laviola, 2004) is not specific to that strain (Cardinal et
al., 2000). This raises more questions about the usefulness of the SHR as a model.

Although we conclude that the SHR is not a good model for ADHD, this may not be the result
of the specific strains used, but rather a more fundamental problem of using two inbred strains
as a model for psychiatric illness. A comparison between two strains will often result in a dif-
ference on several behavioral measures. Sometimes these differences are valued as to represent

a human condition. The number of modeled symptoms is often used as a criterion of model
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quality (for example, see Sagvolden, 2000), but each of these traits may be caused by a different
mechanism. For example, in the case of the SHR, the genetic cause of hypertension is unrelated
to inattentiveness, impulsivity or hyperactivity (Hendley, 2000; Sagvolden et al., 1992a). The
co-occurrence of hypertension with impulsivity is therefore not predictive of ADHD. Likewise,
all other differences between SHR and WKY may be attributed to separate genetic origins as
well, as SHR and WKY are known to be very different genetically (Festing and Bender, 1984;
St Lezin et al., 1992).
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Response inhibition deficits and delay aversion may both lead to impulsive
behavior. Differences and similarities between these impulsivity subtypes are
important for the treatment of impulsivity. We studied the life-span develop-
ment and induction by social isolation rearing of both impulsivity subtypes
in rats using a stop-signal task and a delayed reward task. The effects of D-
amphetamine, fluvoxamine and maprotiline were examined. Analysis of per-
formance in both tasks over the life span showed that response inhibition was
more stable than delay aversion. Isolation-reared animals displayed a consist-
ent response inhibition deficit compared to controls. Delay aversion in isola-
tion-reared animals compared to controls developed after six months of age.
D-amphetamine significantly decreased delay aversion, but had adverse effects
on response inhibition. The effects of D-amphetamine on delay aversion were
stronger in isolation-reared rats. Fluvoxamine had only minor effects hinting
on a subtle involvement of serotonin in both tasks. Maprotiline had no effects.
We conclude that pharmacotherapy should consider the impulsivity subtype
observed in patients.




Introduction

Impulsivity is a key symptom of many psychiatric disorders, such as attention-deficit hyperac-
tivity disorder (ADHD), mania and addiction. Many studies suggest impulsivity is composed
of two different subtypes: response inhibition deficits and delay aversion (Dalen et al. 2004;
Evenden 1999; Nigg et al. 2004; Solanto et al. 2001; Sonuga-Barke 2004). Response inhibi-
tion is the ability to inhibit planned or ongoing motor routines, or a failure to protect planned
or ongoing behavior from outside interference (Barkley 1999). Deficits in response inhibition
have been found in both children (Overtoom et al. 2002; Scheres et al. 2004) and adults (Aron
et al. 2003; Wodushek and Neumann 2003) suffering from ADHD. The second impulsivity
subtype is delay aversion, resulting in a preference for immediate over delayed rewards (Ainslie
1975; Barkley et al. 2001; Solanto et al. 2001; Sonuga-Barke et al. 1992).

While impulsivity (as a symptom of ADHD) is treated as a unitary construct in the Diagnostic
and Statistical Manual (DSM-IV 2000), response inhibition deficits and delay aversion differ
in a number of important dimensions. Imaging and lesion studies suggest different brain areas
underlie delay aversion and response inhibition. In particular, the frontal cortex plays an impor-
tant role in response inhibition (Aron and Poldrack 2005; Band and van Boxtel 1999; Casey et
al. 1997), while tolerance to delayed rewards is mediated by reward circuitry in the brain, such
as the nucleus accumbens (Cardinal et al. 2001). In spite of these important differences, impul-
sivity as a symptom of ADHD is successfully treated with methylphenidate or D-amphetamine
regardless of impulsivity subtype (Elia et al. 1991). Both psychostimulants are also very effective
in the laboratory: in human and rat tasks for delay aversion (Cardinal et al. 2000; de Wit et
al. 2002; Pietras et al. 2003; van Gaalen et al. 2005) and in human response inhibition tasks
(Aron et al. 2003; Scheres et al. 2003; Tannock et al. 1989). However, both methylphenidate
and D-amphetamine inhibit the dopamine transporter (DAT), as well as the noradrenaline and
serotonin transporters (Gatley et al. 1996). These properties of psychostimulants make them
very effective as treatments for subtype-agnostic impulsivity. Simultaneously, these properties
may induce unwanted and unnecessary side effects if the transporter of a neurotransmitter
uninvolved in the patients actual impulsivity subtype is inhibited. Several lines of evidence
suggest that different neurotransmitters are involved in response inhibition and delay aversion,
despite the beneficial effects psychostimulants have in both impulsivity subtypes. As an exam-
ple, the selective DAT antagonist GBR12909 decreases delay aversion (van Gaalen et al. 2005),
indicating an involvement of dopamine. In a human response inhibition task, the dopamine
precursor L-dopa is not effective, while the tricyclic antidepressant desipramine is (Overtoom
et al. 2003), suggesting that the effects of psychostimulants on response inhibition may be the

result of noradrenalin or serotonin reuptake inhibition.

Another important dimension in which response inhibition and delay aversion may differ is
their induction by environmental versus genetic factors. One strategy to uncover the involve-

ment of environmental factors in the development of impulsivity subtypes is by using social
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isolation rearing (Hellemans et al. 2005). Isolation rearing is a potent manipulation leading to a
number of significant alterations (Bakshi and Geyer 1999; Lapiz et al. 2003). Of importance to
the current discussion of impulsivity, isolation-reared rats display increased response inhibition
deficits in a five-choice serial reaction time task under specific conditions (Dalley et al. 2002),
but not in a go/nogo task (Hellemans et al. 2005). Delay aversion is decreased in isolated ani-

mals, but this difference disappears over time (Hellemans et al. 2005).

The aim of the present study is to further explore the similarities and differences between delay
aversion and deficits of response inhibition. We are interested in the development of both sub-
types of impulsivity, and the effects of social isolation as a potent environmental factor. There-
fore, rats were housed socially or individually from weaning, and tested in operant tasks for
both impulsivity subtypes. Delay aversion was measured using a delayed reward task (Cardinal
et al. 2001) and response inhibition was measured in the stop-signal task (Eagle and Robbins
2003b). The involvement of dopamine, serotonin and noradrenalin was explored using D-am-

phetamine, fluvoxamine and maprotiline, respectively.

Methods and materials

Experimental design

Animals from socially and isolation reared conditions were balanced across time and operant
boxes. Training for the delayed reward task took approximately two months, while training for
the stop-signal task was completed after three months. The computer programs used for oper-
ant conditioning can be downloaded from the Medstate Notation Repository (www.mednr.
com). The experiments started when both groups reached criterion in the training. The stop
task and delayed reward task were performed at the same time to allow for direct comparisons

of the used manipulations.

Subjects

Fifty-six male rats (Wistar) arriving on PND 21 were obtained from Harlan (The Netherlands).
On arrival, 32 animals were assigned to the stop-signal task, and 24 animals to the delay aver-
sion task. Half of the animals of both groups were housed in groups of four, the other half
were housed individually. All animals were kept in a light (lights on from 7:00 AM to 7:00
PM), temperature (21 + 2°C), and humidity (55 + 5%) controlled facility. All tests were con-
ducted during the light phase. Rats were on a diet of 15 g of standard laboratory chow per day
throughout the experiment, corresponding to approximately 85% of the amount eaten under
free-feeding conditions. Water was freely available. The animals were weighed and checked for
health problems weekly. The ethical committee on animal experiments of the Faculties of Phar-

maceutical Sciences, Chemistry and Biology of Utrecht University approved the experiments.
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Apparatus
Open field tests were conducted in four square, gray PVC fields (70 cm L x 70 cm W x 45 cm
H). Movements of animals in these 4 fields were tracked over 15 min (5 samples/s) via a video-

system in real-time using Noldus Ethovision 3 (Noldus et al. 2001).

Sixteen operant chambers (MED Associates) controlled by MED-PC IV software were used.
All boxes were equipped with a houselight and a central food magazine in which 45 mg Noyes
precision pellets (formula P) were delivered. Eight extra tall boxes (30 cm L x 24 cm W x 29
cm H) were used for the delayed reward task and were equipped with a curved five-hole re-
sponse wall opposite to the food magazine. In each of these five holes, a light stimulus could be
presented, and nose poke responses could be registered. The left- and rightmost holes were not
used in the delayed reward task. The eight standard height boxes (30 cm L x 24 cm W x 21 cm
H) used for the stop task were equipped with retractable levers to the left and right of the food

magazine, and signal lamps over the levers and the food magazine.

Open field test
All 56 animals were tested for 15 min in the open field for locomotor hyperactivity. The test
was conducted after completion of the training for the two operant tasks. Traveled distances

were calculated per minute.

Delayed reward

The delayed reward procedure was adapted from Cardinal and coworkers (2000). Animals were
placed in a chamber until they had completed all trials (with a maximum of 90 min). The ses-
sions consisted of six blocks of eight trials. Of these eight trials, the first two trials were forced
trials and the remaining choice trials. All trials started with the illumination of the central nose-
poke hole. During forced trials, responding into the central hole resulted in the illumination
of either the left or the right nosepoke hole, determined randomly. A response made into the
illuminated hole resulted in delivery of a reward. All other responses were ignored. A response
in the left hole resulted in the delivery of a small, immediate reward, while a response in the
right hole resulted, after a delay, in the delivery of a large (4 pellet) reward. The nosepoke hole
not illuminated in the first trial was always illuminated during the second. After a response, the
light in the nosepoke hole was turned off, and the inter-trial interval commenced. The length of
the inter-trial interval was variable so that each trial, regardless of the delay to the reward, was
equally long. Choice trials were similar to forced trials, except that both the left and the right
nosepoke holes were illuminated, and animals had to make a choice for either the small, im-
mediate reward or the large, delayed reward. The delay to obtain the large reward was increased
after every block (0's, 555,105,205, 305, 60 s).

Training for the task described above consisted of four phases. Phase 1 consisted of 2 sessions
of 15 min each. During these sessions, animals received a food reward each time they made a

nosepoke in the centre nosepoke hole, which was illuminated. Phases 2 through 4 were similar

44 Chapter 2



to the final task, except different delays to the large reward were used (0/1/3/5/10/20 s, 0/3/5/
10/20/30 s, and 0/5/10/20/30/60 s).

Stop-signal task

The procedure used was adapted from Eagle and Robbins (2003a). Animals were placed in
a chamber until they had completed 200 trials (with a maximum of 60 min). The sessions
consisted of a number of blocks, which consisted of several successful go-trials (1 to 3, deter-
mined randomly), and a concluding stop-trial. With the extension of levers or deliveries of
food rewards, a signal light above the lever or feeder tray was illuminated to draw attention to

the event.

At the start of a go-trial, the left lever was extended for a maximum of 60 s. A response on this
lever resulted in the extension of the right lever. The right lever was present for a limited amount
of time (the limited hold period), during which the animal had to make a response to receive
a food reward. If the animal failed to respond within the limited hold period, an omission was
scored, and the animal received a timeout. Stop-trials were similar to go-trials, except for a 400
ms tone that was presented immediately after a response on the first lever, or 800, 700, 600, or
500 ms before the expected response on the second lever (based on previous sessions for each
animal individually, see next paragraph). On stop-trials, animals had to inhibit their response
on the second lever for the entire limited hold period to receive a food reward. Failure to do so
resulted in a timeout. During timeouts, the houselight was turned off for 5 s. After the timeout

period, the inter-trial interval commenced automatically. The inter-trial interval was set at 5 s.

The duration of the limited hold period was determined for rats individually, and was based on
their previous performance. The limited hold period was defined as the maximum mean time
between pressing the left lever and the right lever plus 150 to 300 ms, and ranged between 850
ms and 1500 ms. Stop-signal delays were presented relative to this period (see also previous
paragraph).

Training for the task described above consisted of four phases. Phase 1 consisted of 2 sessions
of 15 min each. During this session, animals received a food reward each time they made a
nosepoke in the feeder tray while the signal light above the feeder tray was on. If animals failed
to respond, they received a timeout period. Phase 2 consisted of 2 sessions of 30 min each. In
these sessions, the left lever was extended for a maximum of 60 s. Pressing the left lever resulted
in a food reward. A failure to press the left lever in time resulted in a timeout period. Phase
3 consisted only of go-trials as described above. In the first phase 3 session, the limited hold
period was set at 60 s for all rats. In consecutive sessions, the limited hold period was set at the
mean reaction time counted from the response on the first lever to the response on the second
lever added to 300 to 400 ms. In phase 4, the stop-trials were introduced in sessions of 200 tri-
als (with a maximum duration of 60 min). The limited hold values for stop-trials started at 0.3

s, and was gradually increased to equal the limited hold value for go-trials.
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Data reduction and analysis

All data were analyzed using the SPSS independent sample T-test and general linear model
procedures. Variables with a not-normal distribution as determined by visual inspection and by
the Kolmogorov-Smirnov test were log-transformed. Within-subjects tests were corrected using
Huyn-Feldt correction if the data did not meet the sphericity demands. Significant differences
(p<0.05) were further explored using Bonferroni corrected post-hoc comparisons between vehi-

cle and each of the three dosages (in effect setting @ at 1.67% for the post-hoc tests).

To analyze data from the open field, the total distance moved was calculated, and the data was
analyzed using an independent samples t-test. The delayed reward task yielded two different
measures. First, the raw choice data was plotted and analyzed using the delay to the large reward
as a within-subjects factor. Choices at 0 s and 60 s delay are usually similar for all dosages due to
ceiling and floor effects. Therefore, we calculated a second measure: the area under the prefer-
ence curve (AUPC). This area reflects a theory-neutral measure of delay aversion (Myerson et
al. 2001). Low delay aversion leads to a high AUPC.

The stop-signal task yielded four measures. First are the proportion successful go- and stop-tri-
als. Success in stop-trials was corrected for the estimated number of trials the animals were not
going to respond, based on the number of successful go-trials. The formula used (Equation 1)
was taken from Tannock et al. (Tannock et al. 1989). In addition, the response speed in go-
trials (mRT) was registered. The stop-signal reaction time (SSRT) was calculated by taking a
percentile based on stop-trial failure of the mRT distribution. This value was then corrected for
the onset of the stop-signal (Eagle and Robbins 2003b; Logan 1994).

Baseline differences between animals were calculated immediately after completion of training.
In addition, delayed reward and stop task parameters were calculated across the animal life

span.

Drugs

All drugs were dissolved in saline and administered subcutaneously (2 ml/kg) 30 min before test-
ing. D-amphetamine sulphate (0.25, 0.5 and 1 mg/kg) and maprotiline hydrochloride (5 mg/
kg) were obtained from Sigma-Aldrich, Zwijndrecht, The Netherlands. Fluvoxamine maleate
(1, 3, 10 mg/kg) was obtained from Solvay Pharmaceuticals, Weesp, The Netherlands.

. B—(P,xP)
‘1B xP)

Equation 1 Method used to correct the raw inhibition probability for omissions made during go-trials. Py is the
corrected inhibition probability, Pj is the raw inhibition probability in stop trials, and Po is probability of omissions
in go-trials.
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Results

Experiment 1: Baseline differences

The group differences after completion of training for the delayed reward and the stop task

are listed in Table 1. Isolation-reared animals traveled 25% more in 15 minutes than socially

reared animals (t[49]=2.63, p<0.05). This difference was present throughout the entire ses-

sion. This finding replicates literature, indicating isolation rearing procedure was successful (e.g.
Domeney and Feldon 1998; Einon and Morgan 1978; Gentsch et al. 1988; Hall et al. 1998).
Delay aversion was very similar in both groups. This lack of effect was present both in the raw
choice data (delay x rearing interaction: F[5, 110]=0.5, NS) and in the AUPC (¢[22]=-0.7,

Measure Social Isolated

Open field

Distance moved (cm) * 4501 +273 5667 + 359

Delayed reward task

Area under the preference curve 31.2 +3.8 28.0 2.5

Choice for large reward at a delay of (%):
Os 81 +8 86 +3
5s 79 +4 83 +8
10s 72 +9 69 +6
20s 60 +11 53 +8
30s 51 +9 40 £6
60 s 24 +8 21 +6

Stop-signal task

Go response time (mRT; s) 0.91 +0.05 0.84 +0.09

Stop response time (SSRT; s) * 0.43 +0.02 0.50 +0.02

Go trial success (%) 72 +2 68 +3

Stop trial success (%) * 75 +6 53 +6

Stop trial success at a signal onset of (%):
Immediate (zero-delay) 81 +8 72 +7
-800 ms 79 +7 65 +9
-700 ms 74 +8 48 +6
-600 ms 74 +6 47 +7
-500 ms 67 +8 48 +8

Table 1 Effects of isolation rearing on various parameters measured immediately after completion of training (for
measurements over the life span, see Figure 1). Values represent means + standard errors. Significant effects of isola-

tion rearing are indicated with *.
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NS). Finally, isolated animals performed significantly worse than socially reared animals in the
stop task, displaying a selective deficit in response inhibition. Go-trial success and speed were
similar for both groups (¢[29]=1.1, NS and ¢[29]=0.7, NS, respectively). Corrected stop trial
success and SSRT, however, were both impaired in isolated animals (¢[29]=2.4, p=0.022 and
t[26]=-2.1, p=0.045).

Previous research by Hellemans and colleagues (Hellemans et al. 2005) found effects of isola-
tion rearing on delay aversion, but not on a go/no-go task used to measure response inhibition.
In that study, isolation-reared rats were more likely to choose the large reward compared to
controls, at least during the initial phases of their study. Because of the discrepancy between
their data and ours, we plotted the performance of rats across their entire life span starting from

the session that the final task parameters were introduced (the final delay series for the delayed
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Figure 14 Development of the area under the preference curve of the delayed reward task in socially and isolation
reared rats. Values represent means + standard errors.

1.0 -
0.8
2]
% o
S 06 A
Q.
(%]
o
S 04 A
g
3
0.2 {Social Isolated
®&— Go —&— Go
O+ Corrected stop ~~O Corrected stop
00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1

3 4 5 6 7 8 9
Age (Months)

Figure 1B Development of go trial success and corrected stop trial success in the stop-signal task in socially and isola-
tion reared rats. Values represent means + standard errors.
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reward task and the final limited hold times for the stop task). The data are shown in Figure
1, in which each data point represents a selected session. The development of delay aversion is
depicted in Figure 1A. While no differences between isolated and socially reared animals were
present immediately after training (as reported in Table 1), a consistent difference appeared
after age 6 months. After this age, isolation reared animals displayed more delay aversion that
socially housed controls. The graph displays several distinct drops (in particular at the start, at
6 months, and at 9 months), which may have been caused by training stops during the year.
The development of go- and corrected stop-trial success is depicted in Figure 1B. As can be seen
from that picture, socially housed rats consistently displayed higher stop-trial success, while
go-trial success did not differ. From Figure 1A and 1B, we can also see that performance in the
delayed reward task was much less stable over the life span than performance in the stop-signal
task.

Experiment 2: Effects of D-amphetamine

The effects of the psychostimulant D-amphetamine on preference for the large reward are de-
picted in Figure 2A. A significant 3-way interaction between dose, delay and rearing com-
plicates interpretation of the preference data (F[15, 135]=2.0, p=0.023). Splitting the data
across the rearing conditions showed this interaction was partly caused by the increase in choice
for the large reward found in isolated animals after administration of D-amphetamine (F[3,
12]=4.6, p=0.023), an effect not present in socially reared animals (F[3, 15]=0.4, NS). The

D-amphetamine Social Isolated
Vehicle 18.7 +2.7 222 +37
0.25 213 +£3.7 350 +3.2*
0.5 294 +40* 376 +4.2*
1 272 £5.1 445 £25*
Fluvoxamine Social Isolated
Vehicle 183 +2.6 144 +2.5

1 194 2.7 14.6 +2.2
3 17.6 +25 124 +1.8
10 24.6 +33* 16.1 32
Maprotiline Social Isolated
Vehicle 209 +4.8 109 +1.3
1.25 13.7 +24 11.3 +2.8
2.5 19.2 +2.8 8.8 1.1

5 17.3 +3.1 10.0 +1.2

Table 2A Effects of various drugs on the area under the preference curve of the delayed reward task in socially and
isolation reared rats. Values represent means + standard errors. Significant differences are indicated with *.
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D-amphetamine Social Isolated

mRT SSRT mRT SSRT
Vehicle 091 +0.08 046 +0.03 1.04 +0.08 0.57 +0.04
0.25 1.06 +0.07 049 +0.03 1.03 +0.08 0.58 +0.03
0.5 1.07 +0.07 055 +0.03 1.01 +0.06 0.58 =+0.03
1 0.83 +0.09 054 +0.05 0.88 +0.09 059 =+0.02
Fluvoxamine Social Isolated

mRT SSRT mRT SSRT
Vehicle 096 +0.06 049 +0.04 094 =+0.08 0.57 +0.04
1 1.02 £0.05 047 +0.03 099 +0.06 053 =+0.03
3 0.85 +0.07 053 +0.03 0.89 +0.11 0.56 =+0.03
10 0.88 +0.07 054 +0.03 0.85 +0.10 0.57 +0.04
Maprotiline Social Isolated

mRT SSRT mRT SSRT
Vehicle 1.13 +0.07 047 +0.06 096 +0.13 0.55 =+0.03
1.25 1.14 +0.15 047 +0.07 1.19 +0.11 055 +0.06
2.5 0.89 +0.08 045 +0.06 1.13 +£0.06 0.59 +0.05
5 0.86 +0.11 0.57 +0.06 1.08 +0.09 0.49 +0.07

Table 2B Effects of various drugs on mean go (mRT) and stop (SSRT) response times in socially and isolation reared
rats. Values represent means + standard errors.
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Figure 24 Effects of d-amphetamine in socially and
isolation reared animals in the delayed reward task.
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AUPC for each dose is listed in Table 2A. The AUPC was more sensitive to the effects of D-
amphetamine than the raw preference data (F[3,63]=9.7, p<0.001). Splitting the isolation and
socially reared animals into separate analyses also indicated that the effects of D-amphetamine
on delay aversion were stronger in isolation (F[3,33]=9.5, p<0.001) than in socially reared
animals (F[3,30]=2.7, p=0.06). Compared to vehicle, all dosages lowered delay aversion in iso-
lation-reared animals (0.25 mg/kg: p<0.05, 0.5 mg/kg: p<0.05, I mg/kg: p<0.005), while only
0.5 mg/kg D-amphetamine showed a trend to enhance inhibition in the socially reared animals
(0.25 mg/kg: ns, 0.5 mg/kg: p=0.07, 1 mg/kg: ns).

The effects of D-amphetamine on successful go- and stop-trials are shown in Figure 2B. At
the highest dose of 1 mg/kg, D-amphetamine significantly decreased success in go-trials (F[3,
84]=13.7, p<0.001; Vehicle vs. 1 mg/kg: p=0.01). All dosages significantly worsened corrected
stop-trial success (F[3,84]=9.1, p<0.001; Vehicle vs. all dosages: p<0.001). While the effects of
D-amphetamine on the mean go reaction time (mRT) was significant (F[2.6, 74]=5.6, p=0.03),
none of the dosages differed significantly from vehicle. The effects of D-amphetamine on stop-
signal reaction time (SSRT) were not significant (F[2.6, 68.8]=1.7, NS).

Experiment 3: Effects of fluvoxamine

The effects of administration of the selective serotonin reuptake inhibitor fluvoxamine on choice
for the large reward (Figure 3A) just reached statistical significance (F[3, 63]=2.8, p=0.047).
Post-hoc tests show that none of the dosages had a significant effect compared to vehicle. While
the preference curve may suggest that the effect of fluvoxamine is more pronounced in the so-
cially reared animals, this effect is not significant in a separate ANOVA. Analysis of the AUPC

(Table 2A) reveals a small decrease in delay aversion after administration of fluvoxamine, but
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Figure 34 Effects of fluvoxamine in socially and Figure 3B Effects of fluvoxamine in socially and
isolation reared animals in the delayed reward task. isolation reared animals in the stop-signal task.
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only in the socially reared animals (F[3,33]=2.8, p=0.05; Vehicle vs. 10 mg/kg: p=0.033).

As can be seen in Figure 3B, fluvoxamine had no effects on go-trial success (F[2.2, 60.3]=0.3,
NS) or corrected stop-trial success (F[3, 81]=2.4, p=0.075). While corrected stop-trial success
seems to decrease in the isolation reared animals, this effect was not significant in a separate
analysis (F[3, 36]=2.5, p=0.075). The response time measures are again listed in Table 2B. The
mRT was not significantly affected by fluvoxamine (F[3, 81]=1.7, NS). The SSRT was signifi-
cantly increased with 10 mg/kg fluvoxamine administration (F[3, 81]=2.7, p=0.049; Vehicle
vs. 10 mg/kg: p=0.015).

Experiment 4: Effects of maprotiline

The selective noradrenalin reuptake inhibitor maprotiline had no effects on choice for the large
reward in the delayed reward task (Figure 5A; F[1,16]=1.2, NS). Analysis of the AUPC yielded
similar results (F[1, 16]=1.0, NS). Maprotiline had no effects on response inhibition (Figure
5B). Neither the success rates (go-trials: F[1, 18]=0.6, NS; stop-trials: F[1, 18]=0.7, NS) nor
the speeds (mRT: F[1, 18]=1.5, NS; SSRT: F[1, 18]=0.3, NS) were significantly altered.

The tests with maprotiline were prematurely cancelled as the preliminary analysis revealed that
maprotiline had no effects on impulsivity, and large sores began to develop at the (s.c.) injection
sites. Although all animals were included in the graph, a full within-subjects analysis could only

be performed on the data for vehicle and 5 mg/kg administration.

Social Isolated o Social Isolated
08 - 08 -
—O— Vehicle
—&— 1.25mg/kg @
° —— 2.5mg/kg %
—— o
S 06 5 m/kg 2 061
g 8
& g
s 2
[ o
L 04 o 04+
g 5
; :
~ ¢
02 A & 02 A
—&— Go
—O— Corrected stop
00 00 S e
0 5 10 20 30 60 0 5 10 20 30 60 Vo125 250 500 Vo125 250 500
Delay to large reward (s) Maprotiline (mg/kg)
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Discussion

In this report, we uncover various differences between delay aversion and response inhibition
deficits. First, we showed that isolation-reared animals display both types of impulsivity com-
pared to socially reared controls, although not throughout their entire life. Response inhibition
deficits in isolation-reared animals compared to socially reared animals are present from the first
time the stop-signal task can be used to measure these differences. Delay aversion is observed in
the isolated animals only after six months. Second, we showed that response inhibition as a trait
is much more stable than delay aversion. Third, we showed that D-amphetamine has a benefi-
cial effect on delay aversion, but a detrimental effect on response inhibition. Finally, we showed

that fluvoxamine and maprotiline had no or very small effects on both impulsivity subtypes.

Isolation-reared rats displayed a substantive response inhibition deficit compared to socially
reared animals. This deficit is evidenced both by a lower stop-trial success rate and a slower stop-
signal reaction time. Go-trial responding was unimpaired. Because training for the stop-signal
task took three months, we could not study the onset of the response inhibition deficit. Previ-
ous research using isolated animals in the five-choice serial reaction time task show a moderate
increase in response inhibition in isolated animals (Dalley et al. 2002), or no effects at all in a
go/no-go task (Hellemans et al. 2005). These discrepancies may stem from the different tasks
used in each of the reported studies. While the five-choice serial reaction time task is often
reported to measure response inhibition (Robbins 2002), it is unclear whether this is the same
type of response inhibition measured in the human stop-signal task. This is also true for the
go/no-go task. While the same can be said of the animal analogue of the human stop-signal
task used in the present research, procedural similarities between the human and the rat version
suggest the animal stop-signal task is more likely to mimic human behavioral inhibition. Delay
aversion was similar for isolated and socially reared animals for the first six months of their lives.
After those six months, isolation-reared animals consistently displayed a smaller area under
the preference curve, indicating a lower preference for the large reward compared to socially
reared animals. Previous research demonstrated that isolation-reared animals preferred the large
reward more often compared to socially reared rats during training (Hellemans et al. 2005). In
that report, no long-term preferences were reported. We conclude that delayed reward tasks are
acquired and executed differently by isolation-reared rats, but these differences are small and

may become apparent only after several months of training.

Comparing the life span development of both impulsivity subtypes (Figure 1A and 1B), it
becomes clear that response inhibition as measured by the stop-signal task is a more stable
trait than delay aversion as measured by a delayed reward task. In humans, response inhibition
is found to increase with age (Carver et al. 2001), with a notable slowing in older adults (Be-
dard et al. 2002). The minimal age studied in the present study was well over sexual maturity
(around 6 weeks, and our first measurement was at around 3 months), and response inhibition

deficits during ages corresponding to human childhood were not investigated. Likewise, the
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experiment lasted approximately one year, and was stopped before rats reached true old age
(rats can live well over a single year in captivity). Choice for the large reward summarized using
the area under the preference curve clearly developed across the studied age range, with a sharp
decrease in the first two months and a slower less stable decrease over the rest of the life span. In
humans, no changes in delay aversion are found across the life span, both in our lab (Chapter
4), as well as in literature (Green et al. 1996), suggesting our results may be due to a training
effect. Perhaps the increase in delay aversion is the result of the first phases of training, when
the delay is very short. In these phases, animals learn to select the large reward. Possibly, this

response pattern may persist for several months, until a more stable, lower baseline is reached.

In addition to these baseline differences, the effects of several drugs on both impulsivity sub-
types were investigated. In line with clinical practice (Elia et al. 1991; Solanto 1998) and pre-
clinical research (Cardinal et al. 2000; van Gaalen et al. 2005), D-amphetamine was effective in
reducing delay aversion. The effect of D-amphetamine was larger in isolation-reared rats than
in socially reared controls, a difference often reported in literature (Ahmed et al. 1995; Lapiz et
al. 2003; Sahakian et al. 1975; Weiss et al. 2001; Wongwitdecha and Marsden 1995). Micro-
dialysis studies show that administration of D-amphetamine causes a greater dopamine efflux
in the nucleus accumbens of isolated rats (Jones et al. 1990; Wilkinson et al. 1994), a structure
involved in delay aversion (Cardinal et al. 2001). Why isolation rearing sensitizes dopamine
release is unclear, and may be attributed to dopamine synthesis or reuptake, or alterations in
receptor densities, such as a down-regulation of dopamine D ,-receptors (Lapiz et al. 2003). In
the stop-signal task, D-amphetamine had an opposite effect on impulsivity. While go-trial ac-
curacy was only affected at the highest dose, stop-trial success (but not speed) dose-dependently
worsened. This effect of D-amphetamine on response inhibition was not unexpected consider-
ing the disinhibitory effects of D-amphetamine in several tests (e.g. Cole and Robbins 1987).
Previous studies on the effects of D-amphetamine in the rat stop-signal task, however, did not
report this effect (Eagle and Robbins 2003a). In human stop-signal tasks, psychostimulants
often have beneficial effects (Aron et al. 2003; Scheres et al. 2003), but this is not always found
for D-amphetamine (Fillmore et al. 2005). We hypothesize that the effects of D-amphetamine
are the sum of increased response inhibition caused by blockade of the serotonin or noradrena-
lin transporter, and response disinhibition caused by blockade of the dopamine transporter.
As a result, species differences in the ratios between these levels are especially important to the

outcome of that sum.

If the opposite effects of D-amphetamine on delay aversion and response inhibition are the
result of manipulation of separate underlying processes, it may be possible to create drugs selec-
tive for delay aversion or response inhibition. Unfortunately, it is not possible to conclude from
our data whether two separate processes are manipulated by D-amphetamine. However, in the
delayed reward task, the effects of D-amphetamine are larger in the isolated than in the socially

reared animals (AUPC: +45% in the socially housed animals and +100% in the isolation-reared
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animals). This rearing-dependent effect is not found in the adverse effects of D-amphetamine
on response inhibition (Corrected stop-trial success: —=35% in socially housed animals and —
25% in isolation-reared animals). This discrepancy suggests that the effects of D-amphetamine

are the result of different underlying processes in delay aversion and response inhibition.

Human stop-signal task performance, in particular the SSRT, may be improved by administra-
tion of desipramine (Overtoom et al. 2003). Desipramine is an antagonist of the noradrenalin
(K.=4) and serotonin transporter (K.=61), suggesting an involvement of noradrenalin or sero-
tonin in response inhibition. In the present study, fluvoxamine had small effects on response
inhibition. These small effects suggest at least some involvement of the serotonin system in
response inhibition; a relationship that may be further explored using drugs selective for specific
serotonin receptors. The experiment using maprotiline was prematurely aborted because rats
developed large sores at the injection sites. The data was included in the present report because
litle is known about the role of noradrenalin in response inhibition, and although not com-

plete, the data clearly indicated that maprotiline had no effects in both tasks.

In addition to a possible role in response inhibition, serotonin may also be involved in delay
aversion (Mobini et al. 2000; Wolff and Leander 2002), but this is not found consistently
(Winstanley et al. 2003; 2004). Desipramine had no effects on delay aversion in rats (van
Gaalen et al. 2005). In the present study, the effects of fluvoxamine on delay aversion reached
statistical significance. This effect could not be further explored because none of the post-hoc
tests reached statistical significance. The effect, however, seems to be caused be a slight elevation
of choice for the large reward in the socially housed animals at the highest dose. These data
again indicate a possible role for serotonin that needs to be further explored using receptor-

selective drugs. Maprotiline again had no effects.

In summary, the present study uncovered several differences between delay aversion and re-
sponse inhibition. As a result, this and other studies underline the importance of making a

distinction between impulsivity subtypes in diagnosis and treatment of impulsivity.
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and sexual behavior

Impulsivity is an important symptom of many psychiatric disorders, and can
be divided into two subtypes: response inhibition deficits and delay aversion.
In the present study, we investigated the relationship between delay aversion
and response inhibition, both to each other and to locomotion, extinction of
conditioned responses, sexual behavior, and aggressive behavior. To that end,
we quantified the behavior of 24 rats in several tests. To measure response in-
hibition, rats were trained in a stop-signal task. In this operant task, rats were
rewarded food if they inhibited execution of a conditioned response after pres-
entation of an audible stop-signal. Delay aversion was measured in an oper-
ant task in which rats made a choice between a small, immediately available
reward and a large reward available after a delay. The results showed that delay
aversion and response inhibition were independent. Responses during extinc-
tion and various measures of aggressive behavior were positively correlated to
delay aversion. The speed of go-trials in the stop-task was correlated to non-ag-
gressive behavior. We conclude that the role of response inhibition in various
behaviors is small, but delay aversion in particular contributes to several other
behaviors, such as aggressive behavior and extinction.




Introduction

Some situations call for rapid responding based on little information, and people and animals
are well equipped for such situations. However, if this rapid responding is applied to situations
where forethought is required, behavior may become impulsive and may seriously hamper eve-
ryday life (Evenden, 1999). Recent research suggests that at least two different processes may
lead to impulsive behavior (Sonuga-Barke, 2004). Delay aversion is the first process leading
to impulsivity. Impulsive individuals perceive delays as especially aversive, and therefore make
decisions resulting in immediate gratification, or, if delays are unavoidable, avert attention
from the long-term goal to decrease the subjective delay (Ainslie, 1975; Kuntsi et al., 2001;
Sagvolden et al., 1998; Solanto et al., 2001). Intolerance to delayed rewards may be the result of
alterations in the frontostriatal reward networks, including the nucleus accumbens core (Cardi-
nal et al., 2001; Sonuga-Barke, 2003). In the second theory, impulsivity is the result of a failure
to inhibit ongoing or planned responses (Barkley, 1999). This process is often described as a
competition between hypothetical go- and stop-signals in which the winning signal determines
whether or not a response is made (the horse-race model: Logan, 1994). Frontal and medial
striatal areas are implicated in inhibiting prepotent responses (Casey et al., 1997; Eagle and
Robbins, 2003a; Sonuga-Barke, 2003).

The two impulsivity subtypes are core symptoms of many psychiatric disorders. In preschool
children suffering from Attention-Deficit Hyperactivity Disorder (ADHD), delay aversion is
especially prominent, occurring alone in 27% of the children, and in 29% together with a
response inhibition deficit (Dalen et al., 2004; Sonuga-Barke et al., 2003). Further, heroin and
cocaine abusers display delay aversion (Coffey et al., 2003; Kirby et al., 1999), and a similar
delay aversion is seen in smokers (Ohmura et al., 2005; Reynolds et al., 2004) and alcohol-
ics (Petry, 2001a). Delay aversion is not just associated with addiction to drugs, as it predicts
pathological gambling severity as well (Alessi and Petry, 2003; Petry, 2001b), suggesting that
it is not the drugs causing changes in delay tolerance, but rather the trait causing susceptibility
to addiction. Furthermore, a recent study showed that delay aversion predicts the acquisition
of cocaine self-administration in rats (Perry et al., 2004). A shared underlying core deficit may
also explain the high incidence of comorbid ADHD and substance-abuse disorders (Kalbag
and Levin, 2005; Wilson and Levin, 2005). An association has also been found between delay
aversion and classroom observations of aggressive behavior (Solanto et al., 2001). However, the

association between delay aversion and aggression has not yet been extensively studied.

Response inhibition also plays a central role in ADHD, occurring alone in 15% of preschool
patients and together with delay aversion in another 29% (Dalen et al., 2004; Sonuga-Barke
et al., 2003). The response inhibition deficit in ADHD patients is well studied across all ages,
including adult ADHD (Aron et al., 2003; Bekker et al., 2005; Quay, 1997). Other disorders in
which response inhibition plays an important role are Oppositional Defiant Disorder (ODD)
and Conduct Disorder (CD) (Albrecht et al., 2005; Sergeant et al., 2002).
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Clearly, both delay aversion and response inhibition are central traits important to many be-
haviors, both normal and pathological. Before the two impulsivity subtypes were recognized as
complementary, many studies were aimed at reinforcing one theory as the main or core symp-
tom of a disorder (Barkley, 1999; Sagvolden et al., 1998). Now that delay aversion and response
inhibition are perceived as independent contributors to impulsivity, studies have focused on
finding differences and similarities between the two subtypes (Dalen et al., 2004; Kuntsi et
al., 2001; Sonuga-Barke, 2005; Sonuga-Barke et al., 2003), and determination of the relative
contributions of both impulsivity subtypes to pathological behavior (Solanto et al., 2001). A
disadvantage of the groups used in those studies is their heterogeneity. The variability within
children diagnosed with ADHD can be very large, in part because both impulsivity subtypes
can lead to ADHD symptoms (Nigg et al., 2005).

The aim of the present study is to determine the relationship between delay aversion and re-
sponse inhibition and their involvement in various other basal behaviors. To that end, we quan-
tified the behaviors of 24 untreated rats in a number of different tests. This approach can
uniquely be used to determine the overlap between the two impulsivity subtypes because the
experimental group is very homogeneous compared to human samples. Further, near-absolute
control can be executed over the environment of the animals. Therefore, any associations are
likely to be the result of actual overlap between the two impulsivity constructs. Finally, the
influence of the two impulsivity subtypes on a number of other basal behaviors important for

animal survival can reliably be measured.

Methods

Experimental design

A group of 24 rats was followed over a year and tested in many different tests for impulsivity
and other possibly related constructs. The order of the different tests was the same for all ani-
mals and is described below. The order in which animals were tested on a day was varied for
each test to avoid effects of time-of-day. Measurements used for this study were always at least
one week apart. All operant procedures are available for download at the Medstate Notation

Repository (www.mednr.com).

Animals and housing

Twenty-four male Wistar rats (HsdCpb:WU) obtained from Harlan (The Netherlands) weigh-
ing 125 g on arrival, were housed a in light (lights on from 7:00 to 19:00), temperature (21 +
2°C), and humidity (50 + 10 %) controlled animal facility. At the start of the study, they were
housed in groups of four male rats. At this stage, animals received 15 g of standard labora-
tory chow per day and had free access to water. This food restriction served as an incentive for
responding in the operant tasks (the stop-signal task, the delayed reward task and the extinc-

tion test). After approximately 8 months, the groups of four male rats were split and each rat
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was housed in a cage together with a female companion. At this point, animals received free
food and water. One animal died of an unknown cause during training for the stop-signal task
procedure (within 1 month after arrival). The ethical committee on animal experiments of the
Faculties of Pharmaceutical Sciences, Chemistry and Biology of Utrecht University approved

the experiments.

Apparatus

The stop-signal task and the extinction test were conducted in a set of 8 Med Associates operant
chambers controlled by MED-PC IV software (MED Associates, Vermont, USA). The operant
chambers were equipped with a lever and a signal lamp on each side of the food magazine. An
additional signal lamp was mounted above the food magazine. Tones were presented using a
speaker mounted near the ceiling of the box. The delayed reward procedure was conducted in
a different set of 8 Med Associates chambers equipped with a curved five-hole nosepoke wall,
but lacking levers. The open field consisted of a gray PVC box (I x w x h: 75 cm x 75 cm x
40 cm) with a camera mounted in the ceiling of the test room. Up to four rats could be tested
at the same time. The observation boxes used in the sexual and aggressive behavior tests were
rectangular, gray PVC boxes with one transparent side (I x w x h: 60 cm x 30 cm x 40 cm) and
sawdust bedding on the floor. For the aggressive behavior tests, a transparent, perforated divi-
sion was used to divide the box in two compartments, the largest consisting of approximately

three-quarters of the box.

Stop-signal task

The stop-signal task was adapted from Eagle and Robbins (2003b). Animals were placed in the
operant chambers for 60 minutes or until they had completed 200 trials. Sessions were divided
into blocks, which consisted of several successful go-trials (1 to 3, determined randomly), and
a concluding stop-trial. Lever extensions and food rewards were signaled by the illumination of
a light above the lever or feeder tray. At the start of a go-trial, the left lever was extended for a
maximum of 60 s. A response on the left lever resulted in the retraction of that lever and exten-
sion of the right lever for a limited amount of time (the limited hold period), during which the
animal had to make a response to receive a food reward. If the animal failed to respond within
the limited hold period, an omission was scored, and the animal received a timeout. Stop-tri-
als were similar to go-trials, except for a 400 ms tone that was presented immediately, or 800,
700, 600, or 500 ms before the expected response on the second lever (based on previous ses-
sions for each animal individually, as described in the next paragraph). On stop-trials, animals
had to inhibit their response on the second lever for the entire limited hold period to receive
a food reward. Failure to do so resulted in a timeout. During timeouts, the houselight was ex-
tinguished for 5 s. After the timeout period, the inter-trial interval commenced automatically.
The duration of the limited hold period was determined for rats individually, and was based on

their previous performance. The limited hold period was defined as the maximum mean time
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between pressing the left lever and the right lever plus 150 to 300 ms, and ranged between 850
ms and 1500 ms. Three measures were derived from the stop-signal task. First is the mean go
response time (mRT). Second is the stop-signal response time (SSRT), calculated according to
Logan (1994). The SSRT was defined as the mean of the individual SSRTs calculated for each
stop-signal interval. The final measure is the corrected inhibition ratio as described in Tannock

(1989). Training for the stop-signal task took approximately four months.

Delayed reward task

The delayed reward task was adapted from Cardinal et al. (2000). In a session consisting of 6
blocks of 8 trials, rats had a choice between a nosepoke hole that, if the rat poked in the hole
using its nose, delivered a single food reward instantaneously, and a second nosepoke hole
that delivered four food rewards, but after a delay. In the first block, this delay was Os, but in
each successive block the delay was increased until it was 60s in the final block (0s, 5s, 10s,
20s, 30s, 60s). To make sure that the rats had actually sampled both levers, the first two trials
of each block were forced trials in which only one of the levers was present. Both levers were
presented once in the forced trials, and the order of presentation was determined randomly. The
remaining 6 choice trials were used to calculate a preference ratio for each delay. From these six
ratios, the preference curve was drawn, and the area under the preference curve (AUPC, which
varies from 0 to 60) was calculated. The AUPC is a theory-neutral measure for inhibition in
the delayed reward task (Myerson et al., 2001). Training for the delayed reward task took ap-

proximately 2 months.

Open field test
Animals were placed in the open field for 15 minutes. Noldus Ethovision (Noldus et al., 2001)
was used to track the animals and calculate the distance moved. The open field was repeated

twice and the average was taken as an index of locomotion.

Extinction
After the open field test, animals were retrained on a continuous reinforcement schedule for
two days, which all animals learned readily. On day 3, none of the levers resulted in the delivery

of food rewards, and the number of responses made in a 30 min session was registered.
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Sexual behavior

The sexual behavior procedure was adapted from Pattij et al. (2005). After the extinction test,
the male animals were housed apart from each other and a companion female was introduced
(see Animals and Housing section). Twice a week for two weeks, the male rats were put in an
observation cage for 1 h. In the second half of that hour, a naive female rat was introduced. To
induce receptivity, the females were pretreated with 50 pg estradiol 36 h in advance. Mounts,
intromissions and ejaculations of the male rat were observed using Noldus Observer (Noldus
etal., 2000). The first three sessions were considered training sessions, and only the data of the

fourth test were used for this study.

Aggressive behavior

Animals were tested for aggression twice a week for two weeks. Male rats together with their
female companions were put in an observation cage 24 h before testing. At the start of the test,
the female was removed from the observation cage, and an intruder rat (weighing ~100g less
than the resident) was placed inside a shielded compartment in the observation box (see Appa-
ratus section). After 10 minutes, the division was removed, and all behavior was scored manu-
ally using Noldus Observer (Noldus et al., 2000). The following behaviors were scored from the
perspective of the resident: bites, fight sequences, ano-genital sniffs, grooming by the resident of
the intruder, and mounts. The last three behaviors were considered non-aggressive. Afterwards,
intruders were sacrificed, shaved, and the total length of all wounds added was measured using

a marking gauge (expressed in mm). Again, only the data of the fourth test were used.

Testosterone
Blood plasma testosterone was determined using an MP Biomedicals Inc. (Orangeburg, NY,
USA) ImmuChemTM Double Antibody '*I RIA kit. Measurements were the average of three

assays determined using an optimal standard curve.

Statistics

All variables were inspected for normality and then correlated to measures of inhibitory control
and delay valuation using Pearson’ product moment correlation coeflicient. For correlations to
be considered, they had to be significant (with the level of significance set at 5%, one-tailed) as

well as larger than 0.45, resulting in an explained variance (r?) of at least 20%.

Results

As is clear from Figure 1 neither the speed of the stop-process nor the speed of the go-process
is related to delay aversion. Neither the SSRT nor the mRT were correlated with the AUPC
(r=0.06, NS and r=0.08, NS respectively). Similar findings are reported in humans (Dalen et
al., 2004; Sonuga-Barke et al., 2003), although in some reports go response time is mildly cor-
related to inhibition in a delayed reward task (Solanto et al., 2001).
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The correlations between the measures of impulsivity and the remaining measures are listed
in Table 1. The speeds of the go- and the stop-processes are correlated (r=0.44, p=0.019). Al-
though this correlation did not reach our criterion (r20.45), it may indicate that both processes
are affected by a third, underlying factor. Like the stop-signal task in human subjects, the SSRT
is related to the corrected inhibition rate (r=-0.64, p=0.001), with slower inhibition response

times resulting in lower inhibition success (Solanto et al., 2001).

The distance moved in the open field test was not associated with any of the measures in
the stop-signal task, but was mildly correlated to the behavior in the delay aversion task (r=-
0.37, p=0.05). Although significant, we think this effect is too small to be of importance. The
number of lever presses during the extinction session was also not correlated to any of the stop-

signal task measures, but the correlation with delayed reward task performance was quite strong

(r=-0.63, p=0.001).

None of the three sexual behavior parameters (mounts, intromissions and ejaculations) were
related to any of the impulsivity measures. While a small correlation exists between the latency
to the first mount and the AUPC (r=-0.38, p=0.05), this effect did not meet our criterion and
is thus regarded as behaviorally not relevant. Further exploring the relationship between sexual
behavior and impulsivity did not yield any effects (latency to the first occurrence of each of the
three sexual behaviors and the number of intromissions per ejaculation). Although the correla-
tions between delay aversion and both sexual behavior and locomotion did not reach criterion,
it did raise the question whether sexual behavior and locomotor activity are correlated. Our
results show that the number of mounts was not correlated to the distance moved in the open
field (r=0.16, NS), however, the number of ejaculations was (r=-0.46, p=0.01). In other words,

hyperactive animals have fewer ejaculations in a 30 min sexual behavior test.

A relationship between impulsivity and aggression was apparent in many of the different in-
dexes for aggression. All non-aggressive social behavior in the test for aggressive behavior cor-
related with the go response time (mRT) of the stop-signal task (sum: r=0.55, p=0.004; ano-
genital sniffs: r=0.58, p=0.002; grooming: r=-0.43, p=0.02; mounts: r=0.48, p=0.01). Thus,
animals that made slower go-responses in the stop-signal task display more ano-genital sniffs
and mounts, but less grooming behavior towards the other male in the test for aggressive be-
havior. In contrast, all aggressive behaviors in this test correlated negatively with the AUPC
(bites: r=-0.60, p=0.002; fights: r=-0.52, p=0.006; wounds: r=-0.50, p=0.009). This means that
animals that display delay aversion are also aggressive in the resident-intruder test. The number

of non-aggressive behaviors was not related to the number of aggressive acts.

Testosterone levels in the blood were not associated to either impulsivity subtypes. In addition,
basal plasma testosterone was not associated with sexual performance or basal aggression (see
also Smith et al., 1992).
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Measure Mean = Go response  Stop response Inhibition
SEM time time in delayed

reward task

Stop-signal task

Go response time (mRTj s) 0.74 +0.04 - 0.44# 0.08
Stop response time (SSRT;s)  0.38 £ 0.03  0.44# - 0.06
Corrected inhibition rate (%) 63 +5 -0.23 -0.64* 0.15
Delayed reward task

Inhibition (AUPC) 40.3+2.6 0.08 0.06 -
Open field/extinction

Distance moved (m) 48.1+1.8 -0.30 0.00 -0.21
Extinction (responses) 92.4+86 -0.12 -0.01 -0.63*
Sexual behavior

Number of mounts 23.0+49 -0.22 0.11 0.38#
Number of intromissions 145+1.3 0.32 0.02 -0.02
Number of ejaculations 29+ 1.4 0.31 -0.02 0.09
Aggressive behavior

Number of bites 6.4+ 1.4 0.05 0.04 -0.60*
Number of fights 4.2+0.8 0.02 -0.15 -0.52*
Total wounds (mm) 222 +4.6 -0.09 0.04 -0.50*
Non-aggressive behaviors 20.0+2.2  0.55* 0.07 -0.03
Testosterone

Plasma (ng/ml) 1.13£0.12 -0.16 -0.30 -0.07

Table 1 Correlations between two measures of the stop-signal task (the go response time mRT and the stop response
time SSRT), the delayed reward task (the area under the preference curve AUPC), and various other behaviors. *
indicates a significant correlation, # indicates a correlation that reached statistical significance but did not meet the
absolute criterion (r?>20%, see Statistics section).
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Figure 1 Correlations between two measures of the stop-signal task (the go response time mRT and the stop response
time SSRT), the delayed reward task (the area under the preference curve AUPC). The correlations were not signifi-
cant (left: r=0.08; right: r=0.06).

Discussion

The present article shows that response inhibition is unrelated to delay aversion in a homogene-
ous group of rats. In children, a similar lack of association has been reported in several studies.
Dalen and colleagues (2004) found a lack of association in 3-year old children tested on a delay
aversion task (in which subjects could choose between one sweet delivered after 1 s or two
sweets delivered after 17 s) and a go-no go inhibition task. Sonuga-Barke (2003) and colleagues
have shown that response inhibition deficits are unrelated to delay aversion in 3 to 5.5 year old
children. Solanto and colleagues (2001) obtained similar results using the delayed reward task
and the stop-signal task in 7 to 9.9 year-old children. The present study, using correlational re-
search in animals also supports the conclusion that impulsivity is not a unitary construct. One
of the added values of the present study lies in the homogeneity of the experimental group. All
rats were members of the same strain, and had received similar treatment throughout their life.
As a result, the correlations in the present study are less disturbed by unknown factors, allowing
for a more accurate estimation of the overlap of the separate impulsivity constructs. Winstanley
and co-workers (2004) reported that delay aversion is uncorrelated to premature responding
in the five-choice serial reaction time task, an animal analogue to the continuous performance
task in humans (Carli et al., 1983). The exact type of impulsivity measured in this task is still

under scrutiny, however, and the measure is often referred to as “aspects of response inhibitory
control” (Robbins, 2002).

In human life, impulsivity may play a detrimental role. We investigated the role of the two im-
pulsivity types in several behaviors important to everyday life (of a rat): locomotion, learning,

aggression, and sexual behavior.

Spontaneous locomotor activity was not associated with either of the impulsivity subtypes.
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In children with ADHD, however, Sagvolden and colleagues (1998) found that hyperactivity
may be the result of delay aversion. Children with ADHD developed hyperactivity in situa-
tions where the reward was delayed or not delivered at all (such as under extinction). Because
no rewards are withheld and no such pressure is present in the open field, general locomotor
hyperactivity is not related to delay aversion (as demonstrated in the present data), although
specific situations such as that described above may still induce hyperactivity. This is further
illustrated by the extinction sessions of the present experiment. During extinction training a
reward was withheld, and an association was found in the current dataset between extinction
responding and tolerance to delayed rewards. Animals that displayed a preference for immedi-
ate gratification in the delayed reward task also displayed persistent lever-pressing during the
extinction session. Persistence during extinction is also one of the clearest defects in the SHR
strain (Johansen and Sagvolden, 2004; 2005; Van den Bergh et al., 2005), a strain often used
as a model for ADHD (Sagvolden, 2000; Sagvolden et al., 1993). Previous research in our lab
has shown that extinction is also highly (up to 0.80) correlated to burst responses in the differ-
ential reinforcement of low rate responding (DRL)-72 s task (Van den Bergh et al., 2005; see
Chapter 1). Because no direct comparisons between the DRL and the delayed reward task exist,
any association is speculative. However, in addition to their persistence during extinction, SHR
also show an increased number of burst responses in the DRL (Van den Bergh et al., 2005; see

Chapter 1).

In spite of the importance of dopamine and the reward circuitry in the motivational aspects
of sexual behavior (Damsma et al., 1992; Gainetdinov and Caron, 2000; Paredes and Agmo,
2004) and the involvement of dopamine and those same brain areas in delay aversion (Car-
dinal et al., 2001; Cardinal et al., 2000; van Gaalen et al., 2005), sexual dysfunctions such as
premature ejaculation, low sex drive, or hypersexual activity are not related to ADHD or other
impulsivity disorders. This independence is also reflected in the current data, as none of the
correlations between impulsivity measures and parameters of the sexual behavior test reached
our criterion. Some reports do exist that ADHD patients have more sexual impulsive disorders,
including paraphilias (Katka and Prentky, 1998), but such disorders are not reflected in the

used animal models.

In the aggressive behavior test, a male was introduced into the territory of the resident. Animals
that responded slowly in go-trials of the stop-signal task displayed more ano-genital sniffs and
mounts, but less grooming behavior directed at the intruder than faster animals did. Why the
direction of the correlation between go-trial speed and grooming behavior is opposite to the di-
rection of the correlation found between the other two non-aggressive behaviors is unclear. This
difference may be the result of different styles of social behavior found in fast versus slow re-
sponding animals. While the non-aggressive behaviors were correlated to the go-trial speed, the
three measures of aggression correlated to tolerance to delayed rewards. Animals that chose im-

mediate gratification were more aggressive and injure their opponents more than other animals.
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A similar but more modest association between delay aversion and aggressive behavior was also
found in children (Solanto et al., 2001). The associations between delay aversion and aggressive
acts in rats and children provide insight into the type of impulsivity involved in aggression. A
universally accepted classification of aggression in humans does not exist, but impulsive ag-
gression is usually listed as a factor (Barratt and Felthous, 2003; Barratt and Slaughter, 1998;
Barratt et al., 1997). It is often assumed that this type of aggression is related to an inability to
inhibit aggressive urges (sometimes called “hair-trigger” responses: Barratt et al., 1997). The as-
sociation between aggression and delay aversion (and the lack of an association with stop-signal
task performance) suggests that aggressive behavior may be the result of an inability to foresee

the consequences rather than a ballistic process unchecked by inhibitory control.

The correlation study described above provides further evidence for the independence of re-
sponse inhibition and delay aversion. In addition, it provides evidence that both subtypes in-
dependently contribute to other behavior. The final line of reasoning for the independence of
these impulsivity subtypes comes from their pharmacological differentiation. In healthy ani-
mals, D-amphetamine has been shown to have anti-impulsive effects in the delayed reward task
(Cardinal et al., 2000; van Gaalen et al., 2005), while impulsivity in the stop-signal task is unaf-
fected (Eagle and Robbins, 2003a) or elevated (Chapter 2 and 6). Such opposite effects may
not be readily apparent in patients receiving methylphenidate treatment. Methylphenidate is a
dopamine reuptake inhibitor and releaser, but also inhibits the noradrenalin and the serotonin
transporter (Gatley et al., 1996). Dopamine reuptake inhibition may decrease delay aversion
(Cardinal et al., 2000), while noradrenalin reuptake inhibition may be the active component
for the positive effects of methylphenidate in the stop-signal task in humans (Overtoom et al.,
2003). As a result of the broad effects of methylphenidate, it is possible that activity at some
of these transporters is beneficial, while activity at others is detrimental. Also, nonresponse to
methylphenidate treatment is estimated as high as 23% (Pelham et al., 1999). Research should
therefore focus on the relationship between the type of impulsivity a patient displays and the

improvement of symptoms as a result of treatment using more selective drugs.

From the current study, a pattern emerges in which both delay aversion and response inhibi-
tion play important but independent roles in many different types of behavior. The results
indicate that especially delay aversion is an important construct underlying many other types of
behavior, including extinction and aggression, and is possibly more central to many behaviors
than response inhibition. Rubia (2005) argues that the delayed reward test is such a prominent
feature of animal-inspired theories of impulsivity and ADHD because this test is the only avail-
able test in rats. This report and others however, show that many more tests for impulsivity exist
in rats, some of them very similar to tests used in humans (Eagle and Robbins, 2003a; b; Feola
etal., 2000). The delayed reward construct, however, is so prominent, because it is so valuable.
Predictive validity of the delayed reward test is high, and the test correlates very well to other

measures of impulsivity. This is true not only in animals (as shown in the present study), but
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Delay aversion:
effects of financial situation
and addictive behaviors

Delay aversion, the intolerance to waiting periods before rewards are available,
is an important characteristic of human personality involved in many differ-
ent types of behavior. Of particular importance is the involvement of delay
aversion in various addictive behaviors. The aim of the present study was to
study factors involved in delay aversion (sex, age, income) and the relation-
ship between delay aversion and addiction (to cigarettes, alcohol, coffee and
gambling). Using an internet-based questionnaire, a sample of 156 people was
studied. Age and sex had no effects on delay aversion. While actual monthly
income was not related to delay aversion, low perceived wealth was associated
to delay aversion. In accordance to literature, smokers displayed delay aversion.
Coffee consumption was related to an indifference to reward magnitude. Nei-
ther alcohol consumption nor gambling habits were related to delay aversion.
We conclude that delay aversion contributes to various addictive behaviors.
Whether a relationship between addictive behavior and delay aversion is found
may be caused by the intensity of the addiction.




Introduction

Impulsivity is an important aspect of several mental disorders, including attention-deficit hy-
peractivity disorder (ADHD) and addiction (DSM-1V, 2000). Impulsive individuals are unable
to adequately consider the results of their behavior (Evenden, 1999), and often display an aver-
sion to delayed gratification (Ainslie, 1975). Immediately available reinforcers have a higher
subjective value compared to reinforcers available after a waiting period (Green et al., 2004;
Ho et al., 1999; Holt et al., 2003; Myerson et al., 2001). To impulsive individuals, delayed
rewards lose subjective value faster than to non-impulsive individuals (Solanto et al., 2001). As
a result, they either choose reinforcers that are immediately available, or divert attention away
from the reinforcer and the delay, making the subjective delay appear shorter. Delay discount-
ing is not exclusive to human subjects; pigeons, rats and mice have also been demonstrated to
display hyperbolic discounting curves (Evenden and Ryan, 1996; Green et al., 2004; Isles et
al., 2003; Reynolds et al., 2002). In non-human species, discounting rates are usually higher,
possibly varying with metabolic speed or total expected lifetime (Green et al., 2004; Tobin and
Logue, 1994).

Delay aversion is found in persons suffering from various substance abuse disorders and other
addictions. Heroin- and cocaine addicts show faster discounting of delayed rewards than con-
trols (Coffey et al., 2003; Kirby et al., 1999), and discounting is even faster if, instead of money,
the abused substance is used as a reward (Kirby et al., 1999). Delay aversion is also found in
smokers (Bickel et al., 1999; Ohmura et al., 2005; Reynolds et al., 2004) and alcoholics (Petry,
2001). It is unclear whether delay aversion predisposes a person to addiction, or whether sub-
stances of abuse induce delay aversion, but there is some evidence to suggest delay aversion is
a predisposing trait. First, delay aversion seems unrelated to the type of substance abused, and
is even found in pathological gamblers (Alessi and Petry, 2003). Second, a large number of
ADHD patients display faster discounting of delayed rewards (Solanto et al., 2001), and they
are at an increased risk to develop substance abuse disorders as adults (Wilens, 1998). Dutch
research shows that approximately 1 in 5 addicts also suffers from ADHD (Trimbos Instituut,
2004). Finally, delay aversion predicts acquisition of cocaine self-administration in naive rats
(Perry et al., 2004), also suggesting it is the trait causing the addiction. The relationship be-
tween delay aversion and addiction is further underlined by their shared underlying neural
substrate. Reward areas, such as the nucleus accumbens, have been shown to also be important
both in addiction and delaying gratification (Cardinal and Everitt, 2004; Cardinal et al., 2001;
Cardinal et al., 2004; Di Ciano and Everitt, 2004; Gao et al., 2003). The aim of the present
study was to find relationships between delay aversion as a trait and various addictive behaviors
in a large, heterogeneous population. We emphasized quantity rather then careful sample selec-
tion, and therefore we delivered an internet-based questionnaire to a large group of people. The
questionnaire was composed of two parts. In the first, subjects were asked about their age, sex,

income, consumption of various addictive substances, including cigarettes, coffee, and alcohol,
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and whether or not they enjoyed gambling. In the second part of the questionnaire, subjects
were presented with a number of questions measuring their delay aversion. Subjects chose be-
tween two response alternatives, one small imaginary monetary reward available immediately,

and a large reward available after a delay.

Methods

Participants

To deliver the questionnaires to the subjects, we used a viral e-mail. In this e-mail, subjects were
requested to answer the questions, and to forward the e-mail message to their contacts, but
only if they personally knew the experimenter. In approximately six weeks, approximately 175
subjects had responded. We then proceeded to make a selection of these subjects to create a het-
erogeneous, approximately normally distributed sample on a number of variables. We included
156 participants based on the following criteria: (1) subjects had to have completed the entire

questionnaire, and (2) subjects had to be born between 1945 and 1985.

Procedure and questionnaire

The first part of the questionnaire consisted of the following questions (translated from Dutch):
[1] Are you a man or a woman (Man/Woman), [2] When were you born? [3] What is the high-
est level of education you completed? [4] Please describe your financial situation (4-point scale:
I’'m poor/I manage/T have enough/I have more than enough) [5] How much is your monthly
income? [6] Do you smoke? (Yes, less than 5 cigarettes per day/Yes, between 5 and 10 cigarettes
per day/Yes, more than 10 cigarettes per day/No, I quit/No) [7] How many cigarettes did you
smoke today? [8] On how many days in the week do you drink alcoholic beverages? [9] How
many glasses of alcohol do you drink per week? [10] How many glasses of alcohol did you drink
today? [11] On how many days in the week do you drink coffee? [12] How many cups of cof-
fee do you drink per week? [13] How many cups of coffee did you drink today? [14] Do you
gamble? (Yes/Sometimes/No).

The second part of the questionnaire was the actual delayed reward task. In this part, subjects
chose between EUR 60, 90 or 120 delivered immediately, or EUR 150 delivered after a delay.
The delays were 0.5, 1, 2, 3, 6, 12, 18 and 24 months. The total number of questions in the
second part of the questionnaire was 24. The rewards were hypothetical (Johnson and Bickel,
2002).

Statistics

As advised by Myerson et al. (2001), we applied a theory-neutral analysis to the delay-discount-
ing data (see also Appendix B). The three delays (for each amount) where participants shifted
preference from the delayed to the immediate reward were entered into a repeated measures
analysis as within-subjects variables. Per analysis, participants were classified according to an-

swers on the first part of the questionnaire (for example, smoking habits) and entered into the
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Measure

Frequency or mean + SEM

Sample characteristics

Sex

Age

Education (Dutch system)

Actual monthly income

Perceived wealth

Addictive behaviours

Smoking

Alcohol consumption (days/week)
Alcohol consumption (glasses/week)

Coffee consumption (days/week)

Coffee consumption (cups/week)

Gambling

Men: 65

Women: 91

Men: 40 + 1.8

Women: 38 + 1.3

Up to lower vocational: 3
Intermediate vocational: 4
Higher vocational: 9
Higher vocational +: 56
University: 84

EUR 1985 + 143

I'am poor: 18

I manage: 52

I have enough: 66

I have more than enough: 20

Smokes: 24

Quit smoking: 33

Never smoked: 99

mean 2.9 + 0.18 (17 never drink alcohol)
mean 7.6 + 0.6 (17 never drink alcohol)
mean 5.3 + 0.24 (24 participants never drink coffee,
93 participants drink coffee every day)
mean 3.3 + 0.22

0-1 cups: 42, 2-3 cups: 46,

4-5 cups: 40, 6+ cups: 28.

Gambles: 56

Never gambles: 100

Table 1 Sample description. Values are frequencies or means + standard errors.
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analysis as separate groups. The created groups contained at least 18 participants. If the factor
was continuous, it was entered into the analysis as covariate. Possible violations of sphericity

demands were corrected using Huyn-Feldt’s method.

In the figures, the delay is plotted at which each of the three small, immediate rewards are of

equal subjective value to the large, delayed reward.

Results

Sample characteristics

In total, 175 people had completed the questionnaire. After applying the exclusion criteria,
156 participants were left. Table 1 lists the sex, age, actual monthly income, perceived finan-
cial situation, nicotine- and alcohol use, and gambling habits. The histogram for age reveals a
bimodal distribution, with peaks around 50 years and 28 years. The sample was educated well
over the Dutch average, with a majority of people cither in or having completed university. The
distribution of the rest of the variables was normal, unless otherwise specified in the various

results sections.

Effect of sex, age and financial situation
The effects of sex and age are depicted in Figure 1 and 2, respectively. Men and women display
similar delay aversion (F[1, 154]=2.1, NS). Figure 2 shows the effects of age using classified

variables, but the analysis was conducted using participants’ ages as covariates. The effect age
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has on delay aversion did not reach statistical significance (F[1, 154]=3.8, p=0.054). Although
the results suggest the main effect to be obscured by an interaction between the value of the

small reward and age, this interaction was also not significant (F[2, 308]=1.9, NS).

The correlation between actual monthly income and perceived financial situation (a 4-point
scale) was significant, but low (r=0.392, p<0.001). Perceived wealth predicted delay aversion
(F[1,154]=4.2, p=0.007; see Figure 3), but actual monthly income did not (F[1,154]=0.6, NS).
This is probably due to fact that the actual income was not corrected for monthly expenses,
and may therefore not be a very accurate reflection of one’s financial situation. Because of the
relationship between perceived wealth and delay aversion, all discussed factors are checked for

a possible co-variation with perceived wealth.

Age and perceived financial situation were mildly correlated (r=-0.291, p<0.001), and correct-
ing the repeated measures analysis for this correlation by including perceived financial situation
as a covariate ablated all effects of age on delay aversion (F[1,153]=1.1, NS). In other words,

any age effects on delay aversion were caused by the perceived wealth of this age group.

Smoking

Figure 4 depicts the relationship between smoking and delay aversion. Nonsmokers prefer the
EUR 60 reward if the delay to the EUR 150 reward is delayed by 16 months, while smokers
choose the small reward if the large reward is delayed 12 months. The difference between smok-
ers and nonsmokers disappears when the small reward increases, as reflected in a significant
interaction effect (F[6.1, 238.6]=2.4, p=0.025). Interestingly, as can be seen from the graph,
participants that have quit smoking resemble smokers more than nonsmokers. Smoking habits

were not associated to perceived wealth (Kendall’s T=0.07, NS).
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Alcohol consumption

The average number of days on which participants consume alcoholic beverages was not associ-
ated with delay aversion (F[11,143]=0.7, NS). The number of units consumed per week was
also unrelated to delay aversion (F[27,128]=0.9, NS).

Coffee consumption

Figure 5 shows the relationship between the number of coffee consumptions per day and delay
aversion. For the graph, the number of coffee consumptions was stratified for clarity, but for the
analysis, the number of units was entered as a covariate (the variable was distributed normally).
The number of consumptions per day interacted significantly with the delay to the large reward
(F[1.5, 237]=6.0, p=0.006). As can be seen from the graph, the more coffee participants drink
per day, the less sensitive the participant is to the amount of the reward. A similar interaction
is found between the number of days on which participants consume coffee and delay aver-
sion (F[12.8, 234.4]=2.1, p=0.019). Coffee consumption was not related to perceived wealth
(r=0.032, NS).

Gambling
Gambling was not associated to delay aversion (F[1.4, 229.3]=1.0, NS).

24

Delay to large reward
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Discounted value of large reward

Figure 5 Effects of coffee consumption on
discounting of delayed rewards. Values are
means + standard errors.
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Discussion

The present study was conducted to find relationships between addictive behavior and delay
aversion. Smokers displayed increased delay aversion, while coffee drinking was associated with
an indifference to the size of the small reward. Both alcohol consumption and gambling were
not associated to delay aversion. The strengths of the present experiment are also its limitations.
We chose to maximize the number of participants rather then to carefully select homogeneous
subgroups. The resulting sample was distributed normally on a number of variables, but was
skewed in favor of highly educated participants. While education may affect delay discount-
ing (Jaroni et al., 2004), there is at present no reason to believe mechanisms of addiction are
different in highly educated people. Unlike many other studies, the present sample was not

composed of only students.

In the current dataset, men discounted delayed rewards as fast as women. In literature, no basal
differences between men and women are reported. Interestingly, one study found differences
between women with and without a parental history of alcoholism, an association not found in
men (Petry et al., 2002). Age was not related to delay aversion in the current dataset, contrary
to previous reports of Green et al. (1996). In that report, they conclude that delay aversion
decreases steeply between the ages of 20 and 30 years. In addition, they conclude that age and
income interact on delay discounting rates. Our approach is not suited to uncovering such
relationships, as age and income tend to vary together in a normal population (and in our sam-
ple), and strict sample selection is necessary to create sufficiently large groups. Unfortunately,
Green et al. rely on the assumption that the students included in their study were from an upper
income cohort. They make this assumption because the students are enrolled in an expensive
private university (Green et al., 1996). The present data, however, demonstrated that income is
not as important to delay aversion as participants’ perception of their wealth. In fact, any effect
of age on delay aversion disappeared when corrected for perceived financial situation, while

actual monthly income had no such effects.

The present study confirms the relationship between smoking status and delay aversion (Bickel
et al., 1999; Ohmura et al., 2005; Reynolds et al., 2004). Unlike previous reports (Bickel et
al., 1999), participants that quit smoking discounted delayed rewards as fast as smokers. Our
results suggest either that delay aversion predisposes people to an addiction to smoking, or that
cigarettes incur lasting alterations in the brains of smokers. Bickel and colleagues included par-
ticipants that had quit smoking at least one year before the study, and had smoked at least 20
cigarettes per day (1999). Our study may have included people that quit smoking very recently,

or people that smoked only very briefly and were never addicted.

Our results show a significant interaction effect between coffee consumption and the magnitude
of the small reward, indicating that coffee consumption is associated with an indifference to
reward magnitude. In other words, high coffee consumption was associated with fast discount-

ing of small rewards, but also with slow discounting of large rewards compared to low coffee
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consumption. Many human studies on delay aversion report a magnitude effect: the observa-
tion that smaller rewards are discounted faster than larger rewards (Johnson and Bickel, 2002).
However, none of these studies address the interpretation of between-subjects differences in the
size of the magnitude effect. This is the first time that an association between delay aversion and

coffee consumption is reported.

Of the four potentially addictive behaviors analyzed here, the present study found two to be
related to delay aversion. Cigarette smoking and coffee consumption were both associated to
altered discounting of delayed rewards, although not necessarily with an aversion to delayed re-
wards, as coffee consumption was associated with faster discounting of the small reward (EUR
60), and slower discounting of the large reward (EUR 120). Alcohol consumption and gam-
bling were both unrelated to delay discounting. We hypothesize that the intensity of the addic-
tion may play a role. The average education level of our sample was quite high, and the partici-
pants were obviously functioning well. Functioning in Dutch society with a smoking or coffee
addiction is much easier than with an alcohol or gambling addiction. Both cigarette smoking
and coffee consumption are accepted addictions in the Netherlands. While the number of
non-smokers is rising, 27.9% of the Dutch population over 15 years old smokes, and 31%
quit smoking (STIVORO, 2004). The current sample is not expected to contain many true
alcoholics (answers in the questionnaire show that only seven people report drinking more
than 21 alcoholic beverages per week). This may explain why we do not find an association to
delay aversion, while an association is reported in literature (Petry, 2001). Rather, we can draw
the conclusion that recreational use of alcohol is not related to delay aversion. A similar result
was obtained for gambling. While some reports find that gambling is related to delay aversion
(Alessi and Petry, 2003), others do not find such a relationship (Holt et al., 2003). Alessi et al.
(2003) used diagnosed pathological gamblers, and Holt et al. (2003) included students that
liked to gamble as assessed by a score of >4 using the 20-point SOGS scale. Since Holt’s sample
was composed of students, his participants obviously functioned well, and may be related to

our sample more than the sample used by Alessi.

We conclude that smoking habits and consumption of coffee are related to alterations in the
discounting of delayed rewards in a normal human population. Smokers seem to discount small
rewards faster than nonsmokers, and ex-smokers resemble smokers more than nonsmokers.
Coffee consumption is associated to faster discounting of small rewards, but slower discounting

of large rewards.
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Delay aversion:
pharmacological links to
aggression and addiction

Impulsive individuals often display an aversion to waiting for rewards. Delay
aversion can be quantified in rats in a delayed reward task, in which animals
choose between an immediately available, small reward, and a large reward
available after a delay. Links between delay aversion and aggression, addiction
and extinction of conditioned behaviour suggest a possible shared pharmacol-
ogy. Therefore, we examined the effects of the dopamine D,-receptor agonist
7-OH-DPAT, the 5-HT,-receptor agonist flesinoxan, the 5HT -receptor
agonist eltoprazine for their involvement in both addiction and aggression, and
the NMDA-receptor agonist D-cycloserine, which facilitates extinction. The
results show that 7-OH-DPAT slightly decreased choice for the large reward.
Flesinoxan disrupted task execution by lowering choice for the large reward
even at a delay of 0 s. Eltoprazine slightly increased choice for the large reward,
but the 5-HT, ;-antagonist GR127935 had no effect. Administration of D-cyclo-
serine also had no effect on choice behaviour. The data suggest the dopamine
D,-receptor and the 5-HT ,-receptor are interesting targets for treating delay
aversion impulsivity.




Introduction

Impulsivity is an important symptom of many psychiatric disorders, in particular attention-
deficit hyperactivity disorder (ADHD) and mania (DSM-IV, 2000). Patients suffering from
impulsivity are unable to adapt current behavior to meet future demands. Instead, their behav-
ior is geared towards immediate action or reinforcement (Evenden, 1999). Different types of
impulsivity, or pathways leading to impulsivity, are no longer seen as mutually exclusive, but
rather as complementing accounts (Sonuga-Barke, 2005). In ADHD, different patients are
suffering from different types of impulsivity, and sometimes several types of impulsivity are

present in a single patient (Dalen et al., 2004; Sonuga-Barke et al., 2003).

One important impulsivity subtype is faster discounting of delayed rewards (Ainslie, 1975).
Rewards available after a delay have a smaller reinforcing value than immediately available
rewards, and this loss of value is faster in impulsive individuals (Sagvolden et al., 1998), a phe-
nomenon called delay aversion. Delay aversion is associated to other measures of impulsivity
and hyperactivity in children with ADHD (Solanto et al., 2001). Patients suffering from other
impulsivity disorders, such as addiction to alcohol (Petry, 2001a), nicotine (Bickel et al., 1999;
Ohmura et al., 2005; Reynolds et al., 2004), cocaine (Coffey et al., 2003), heroin (Kirby et
al., 1999), and even gambling (Alessi and Petry, 2003) also display a preference for immediate

gratification compared to control groups.

Several operant tests have been developed for measuring the decrease in value with delayed
availability in animals. Early tests used an adjusting approach to find the indifference delay
where a large reward is equal in subjective value to an immediately available small reward. In
an adjusting test, the delay to the large reward is adjusted based on the animal’s choices until a
steady-state is reached (Ho et al., 1999; Mobini et al., 2000). However, since such dynamic ap-
proaches may in some cases measure different processes than intended (Cardinal et al., 2002),
non-adjusting tasks are now often used (e.g. van Gaalen et al., 2005; Winstanley et al., 2003).
In a non-adjusting approach, the session is divided into a number of blocks containing several
trials. At the start of a session, the delay is set at 0 s, and the delay is increased each block regard-

less of the choices animals make.

Current pharmacological studies focus mainly on dopamine and serotonin. Van Galen and
colleagues (2005) have conducted an in-depth survey of the involvement of dopamine in the
impulsivity-lowering effects of d-amphetamine in a static procedure. Their findings indicate
an important role for the dopamine D ,-receptor in the effects of d-amphetamine. A study by
Evenden and Ryan (1999) shows that serotonin may play a role in the delayed reward task, as
8-OH-DPAT, a 5-HT | ,-receptor agonist, decreased choice for the large reward at no delay, but
increased choice for the large reward at a delay of 60 s. This indifference to the delay suggests
a role for serotonin in the execution of the task rather then in actual delay aversion. In the two
mentioned studies, important parts of the dopaminergic and serotonergic system have been ad-

dressed, but the complexity of those two systems requires more research. The aim of the present
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article is to extend the knowledge on the involvement of dopamine and serotonin in de delayed
reward task. In particular, new potential drug targets are suggested by the links between delay
aversion, aggressive behavior, extinction (Chapter 3), and addiction (Chapter 4). First, multiple
lines of evidence suggest the D -receptor is involved in the reinforcement of various addictive
behaviors (Heidbreder et al., 2004; Heidbreder et al., 2005), including alcohol (Thanos et al.,
2005) and cocaine (Xi et al., 2005). In addition, linkage studies suggest the dopamine D,-
receptor is involved in violent behavior (Retz et al., 2003). The dopamine D,-receptor may
therefore play a role in delay aversion as well. We tested the dopamine D,-receptor agonist 7-
OH-DPAT, and we hypothesized that 7-OH-DPAT increases delay aversion. Second, positive
correlations (Chapter 3) between delay aversion, aggressive behavior and addiction suggest a
potential role for 5-HT ,-receptor agonists, and to lesser degree 5-HT,,-agonists (Olivier and
van Oorschot, 2005). Therefore, agonists of the 5-HT |, (flesinoxan) and 5-HT -receptors
(eltoprazine) are expected to decrease delay aversion. Finally, the positive correlation between
delay aversion and the number of responses during extinction trials (Chapter 3) suggests that
drugs that facilitate extinction may increase choice for the large reward. A potential target for
facilitation of extinction is stimulation of NMDA receptors (Falls et al., 1992; Richardson et

al., 2004), and we therefore explored the effects of D-cycloserine on delay aversion.

Methods

Subjects

Sixteen male Wistar rats (HsdCpb:WU) obtained from Harlan (The Netherlands) weighing
125g on arrival, were housed in a light (lights on from 7:00 to 19:00), temperature (21 + 2°C),
and humidity (50 + 10 %) controlled animal facility. Animals were housed in groups of four
and received 15g of standard laboratory chow per day and had free access to water. The ethical
committee on animal experiments of the Faculties of Pharmaceutical Sciences, Chemistry and

Biology of Utrecht University approved the experiments.

Apparatus

Sixteen operant cages (MED Associates) controlled by MED-PC IV software were used. The
boxes (I x w x h: 30 cm x 24 cm x 21 cm) were equipped with a houselight and a central food
magazine in which 45 mg Noyes precision pellets (formula P) were delivered. Retractable levers
were located on the left and right of the food magazine, and signal lamps were located above

the levers and the food magazine.

Procedure

The delayed reward task was adapted from Cardinal et al. (2000). In a session consisting of 5
blocks of 8 trials, rats had a choice between a lever that delivered a single food reward instanta-
neously, and a second lever that delivered four food rewards, but after a delay. In the first block,

this delay is Os, but each block the delay was increased until it is 40s in the final block (Os, 5s,
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10s, 20s, 40s). Total trial length was 10 s longer than the delay used in that block. To make sure
that the rats had actually sampled both levers, the first two trials of each block were forced trials
in which only one of the levers was present. Both levers were presented once in the forced tri-
als, and the order of presentation was determined randomly. The remaining 6 choice trials were
used to calculate a preference ratio for each delay. The duration of a session was approximately

25 minutes. Training for the delayed reward task took approximately 2 months.

Statistics

Per experiment, two analyses were made. The first is a repeated measures ANOVA of the pref-
erence for the large reward per block, with the delay to the large reward and the dosage as
within-subjects variables. Post-hoc tests of the different dosages were corrected for comparisons
with vehicle only. Post-hoc test were also conducted to explore effects of several drugs on the
first block of the test (0 s delay). These tests were also corrected for comparison to the vehicle
only. In addition to analyzing the raw choice data, the data was also reduced to the area under
the preference curve (AUPC). This area reflects a theory-neutral index of inhibition in the
delayed reward task (Myerson et al., 2001), but is not sensitive to interactions between drug
administration and the delay to the large reward. AUPCs were analyzed in a separate repeated
measures ANOVA with dose as a within-subjects factor. Again, post-hoc tests of dose effects
were corrected for the comparisons to the vehicle only. Significance levels for all tests were set
at 5%. All data was visually inspected for normality, and log-transformed if the criteria were
not met. Huyn-Feldt corrections were applied to the degrees of freedom if data did not meet

sphericity demands.

Drugs

The following drugs and dosages (in mg/kg) were used: D-amphetamine HCI (0.25, 0.5, 1),
7-OH-DPAT HBr (0.03, 0.1, 0.3), flesinoxan HCI (0.3, 1, 3), eltoprazine HCI (0.25, 0.5,
1), GR127935 (0.3, 1, 3), D-cycloserine (3.25, 15, 30). All drugs were dissolved in saline and
administered subcutaneously 2 ml/kg, 30 minutes before testing. Dosages were based on the
salt weights. Animals were tested daily in Latin square designs. Between drug tests, animals had

a 3-day break.

Results

D-amphetamine

D-amphetamine (Figure 1) significantly increased choice for the large reward (F[3, 42]=5.8;
p=0.002). This impulsivity attenuating effect was present at 0.25 and 0.5 mg/kg (p=0.003 and
p=0.03 respectively). Analysis of the AUPC (Table 1) yielded similar results (F[3, 42]=4.4;
p=0.009; 0.25 mg/kg: p=0.036; 0.5 mg/kg: p=0.03).
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7-OH-DPAT

The dopamine D -receptor agonist 7-OH-DPAT (Figure 2) had no overall effects on choice
(F[2.2, 27.2]=2.3, NS), and an analysis of the AUPC (Table 1) yielded similar results (F[3,
39]=1.1, NS). Closer inspection of Figure 2 reveals that effects of the higher dosages of 7-OH-
DPAT may obscure the effects of the lowest (0.03 mg/kg) dose in the analysis. To explore this
effect of 7-OH-DPAT, a separate analysis was conducted comparing this dose against vehi-
cle only. The results show that animals pretreated with 0.03 mg/kg 7-OH-DPAT selected the
smaller reward more often compared to animals that received a vehicle injection (F[1, 14]=6.2,
p=0.026).

Flesinoxan

The 5-HT | ,-receptor agonist flesinoxan increased the choice for the small reward, but only if
the delays were short (reflected in a delay x dose interaction: F[9.3, 84]=2.4, p=0.013; Figure
3). To further explore this effect, the 0 s delay block was analyzed separately. The results showed
that 1 and 3 mg/kg flesinoxan significantly decreased choice for the large reward, even without
a delay (F[1.4, 19.7]=8.4, p=0.005; 1 mg/kg: p=0.042; 3 mg/kg: p=0.012). The AUPC (Table
1) was not sensitive to this effect of flesinoxan (F1.4, 21.1]=0.9, NS).

D-amphetamine mean +SEM 7-OH-DPAT mean * SEM
Vehicle 6.3 +1.5 Vehicle 9.5 +2.8
0.125 7.2 + 1.8 0.03* 5.7 + 1.1
0.25* 104  +£2.3 0.1 7.6 + 1.5
0.5* 11.7  £2.6 0.3 8.3 +2.1
Flesinoxan mean * SEM Eltoprazine mean * SEM
Vehicle 10.3 £2.6 Vehicle 7.5 +1.8
0.13* 9.8 +2.0 0.25 7.3 +1.9
0.25 8.9 +2.1 0.5* 9.3 + 1.8
0.5* 8.2 +1.9 1 7.1 +1.6
GR127935 mean + SEM D-cycloserine mean = SEM
Vehicle 9.0 +2.0 Vehicle 9.1 +2.2
0.3 9.5 +2.3 3.25 9.1 +2.3
1 10.2 +2.3 15 10.1 +2.7
3 9.3 +2.4 30 8.1 +2.1

Table 1 Effects of various drugs on the area under the preference curve. Values represent means + SEM. Significant
changes compared to vehicle are marked with *.
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Eltoprazine

The 5-HT, , ,-receptor agonist eltoprazine (Figure 4) had no effects on choice for the large
reward (F3, 42]=2.4, p=0.077). The AUPC seemed mildly more sensitive to the effects of elto-
prazine, but the effects also did not reach significance (F[3, 42]=2.7, p=0.059). Closer examina-
tion of the preference curve revealed that the highest and lowest dosages of eltoprazine were not

effective, but at 0.5 mg/kg, choice for the large reward was increased (F[1,14]=5.1, p=0.04).

GR127935
The effects of the 5-HT ,-receptor antagonist GR127935 are shown in Figure 5. GR127936
had no effects on the preference curve (F[3, 45]=0.4, NS) or the AUPC (F[3, 45]=0.4, NS).

D-cycloserine

As seen in Figure 6, the NMDA-receptor agonist d-cycloserine had no effects on choice (F[3,
45]=0.8, NS). Analysis of the AUPC (see Table 1) led to the same conclusion (F[3,45]=1.5,
NS).

Discussion

In the present study, we assessed the effects of a variety of different psychoactive drugs on de-
lay aversion using a delayed reward task. D-amphetamine was selected as a reference drug, as
psychostimulants have been demonstrated to be effective in this task before (van Gaalen et al.,
2005; Chapter 2). Indeed, D-amphetamine dose-dependently increased choice for the large

reward.

The dopamine D -receptor is an interesting drug target for the modulation of delay aversion.
Addiction and delay aversion are intimately linked (Chapter 4), and the D -receptor plays an
important role in addiction (Heidbreder et al., 2005). In the present study, administration of
the dopamine D -receptor agonist 7-OH-DPAT decreased choice for the large reward at a low
dose, and this effect disappeared at higher dosages. Interestingly, the direction of this effect is the
same as for the dopamine D, -antagonist SCH23390 (van Gaalen et al., 2005). The D -receptor
is primarily found in the limbic system, in particular in the (shell of the) nucleus accumbens
and the islands of Calleja (Bouthenet et al., 1991; Sokoloff et al., 1992b). Many (63% in the
nucleus accumbens and up to 79% in other areas) neurons containing D -receptors also express
D, -receptors, and stimulation of the two receptors by selective agonists have been demonstrated
to have opposite effects on c-fos expression (Ridray et al., 1998; Schwartz et al., 1998). This
opposite role is also reflected in the similar effects of D -receptor antagonists and D -receptor
agonists in delay aversion. At this moment, it is unclear why this effect of 7-OH-DPAT disap-
pears at higher dosages, although a similar effect has been reported in the elevated plus maze
(Rogoz et al., 2004). Perhaps these effects may be attributed to binding of 7-OH-DPAT to the
D,-receptor at higher dosages (Damsma et al., 1993; Sokoloff et al., 1992a)

Several lines of evidence support the link between delay aversion and addiction. First, delay
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aversion in rats predicts acquisition of cocaine self-administration (Perry et al., 2004). Second,
people addicted to alcohol (Mitchell et al., 2005; Petry, 2001a), nicotine (Ohmura et al., 2005;
Reynolds et al., 2004), cocaine (Coffey et al., 2003), heroine (Kirby et al., 1999), and gambling
(Alessi and Petry, 2003; Petry, 2001b) all display delay aversion, and discount delayed rewards
faster than controls (see also Chapter 4). Blockade of dopamine D -receptors has been demon-
strated to attenuate acquisition and expression of addictive behavior to many of the mentioned
substances in various behavioral tests (Andreoli et al., 2003; Ashby et al., 2003; Gilbert et al.,
2005; Thanos et al., 2005; Xi et al., 2004; Xi et al., 2005). Dopamine D,-receptors may also be
involved in violent behavior as demonstrated in a linkage study (Retz et al., 2003). We demon-
strated that aggressive rats are impulsive in the delayed reward task (Chapter 3), lending further
credibility to the dopamine D -receptor as a potential target for the treatment of pathological

delay aversion.

As stated above, aggressive behavior is linked to delay aversion (Chapter 3). Although no drugs
developed specifically for the treatment of aggression are commercially available, a class of se-
rotonin agonists called serenics has anti-aggressive properties (Olivier et al., 1994; Ratey and
Gordon, 1993). These drugs target 5-HT -receptors, and to a lesser degree 5-HT  ,-receptors,
although the latter are less specific to aggressive behavior (Olivier and van Oorschot, 2005). The
5-HT ,-receptor is of particular interest for delay aversion, as stimulation of that receptor also
decreases reinstatement of cocaine seeking behavior after extinction (Acosta et al., 2005). In the
present article, we tested the 5-HT, -receptor agonist flesinoxan, the mixed 5-HT,,,, ,-agonist
eltoprazine and the 5-HT -receptor antagonist GR127936. Flesinoxan lowered choice for the
large reward in the first block where the delay to the large reward was 0 s, but this effect disap-
peared at longer intervals. This effect of flesinoxan is very similar to the effects of 8-OH-DPAT,
another 5-HT ,-receptor agonist, on delay aversion (Evenden and Ryan, 1999). The change in
the slope of the preference curve as observed after administration of flesinoxan is very different
from the change of the height of the preference curve induced by 7-OH-DPAT administration,
and reflects a problem in the execution of the task rather than an increase in delay aversion. In
addition, behaviorally inert dosages of 8-OH-DPAT may attenuate the anti-impulsive effects of
D-amphetamine in the delayed reward task (Winstanley et al., 2005), indicating that serotonin
may be involved in response modulation rather than in the actual preference. Agonists of the
5-HT ,-receptor have a dual effect: binding to the autoreceptor causes inhibition of serotonin
release, while binding to the postsynaptic receptor mimics released serotonin (de Boer and
Koolhaas, 2005; De Groote et al., 2002). Since a serotonin depletion by 5,7-DHT also at-
tenuates the anti-impulsive effects of d-amphetamine (Winstanley et al., 2003), the effects of
5-HT, ,-receptor agonists may be due to binding to the autoreceptor and a resulting decrease

in serotonin availability.

The 5-HT

at one dose, an expected effect considering eltoprazine’s effectiveness as an anti-aggressive drug

15/14-Teceptor agonist eltoprazine slightly increased choice for the large reward and
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(Olivier et al., 1995; Olivier and van Oorschot, 2005). The effect was rather modest, however,
and more research should be directed at the exact circumstances under which eltoprazine can
lower delay aversion. Like the 5-HT | ,-receptor described above, the 5-HT -receptor is also
expressed pre- and post-synaptically (de Boer and Koolhaas, 2005). Multiple lines of evidence
suggest that the 5-HT1B-autoreceptor is responsible for eltoprazine’s efficacy in aggression (Ol-
ivier and van Oorschot, 2005), but if the mechanism of eltoprazine is the same in the delayed
reward task remains speculative. Like 7-OH-DPAT, the effects of eltoprazine are strongly de-
pendent on the used dosage. In aggression tests, De Boer et al. (1999) report a similarly shaped

curve, especially for exploratory behavior.

To expand on the role of 5-HT -receptors, we tested the antagonist GR127936. In the present
study, GR127935 had no effect on choice behavior. Evenden and Ryan (1999) used several

serotonin receptor antagonist (for 5-HT , 5-HT),, and 5-HT -receptors), and also report no

1A°
alterations on delay aversion. They conclude that serotonin does not exert tonic control over the
execution of the delayed reward task. The present data confirms that hypothesis and extends the

results for the 5-HT  ,-receptor.

Finally, in addition to the links between delay aversion, addiction and aggressive behavior,
delay aversion and extinction are also correlated (Chapter 3). In extinction tests, conditioned
behavior is no longer reinforced, and the occurrence of the conditioned response is taken as an
index of extinction. Several manipulations have effects on extinction of conditioned behavior,
including serotonin depletion by the serotonin synthesis inhibitor PCPA (Beninger and Phil-
lips, 1979). The links between serotonin and delay aversion are discussed extensively in the
previous paragraphs. In addition to serotonin, the glutamate system is also important in ex-
tinction, as has been shown in various extinction tasks. Blockade of NMDA-receptors by local
infusion of AP5 into the amygdala slows fear extinction (Falls et al., 1992). Extinction may also
be facilitated by stimulation of NMDA-receptors by d-cycloserine (Ledgerwood et al., 2005;
Walker et al., 2002), a drug now used in combination with exposure therapy to facilitate extinc-
tion of fear (Ressler et al., 2004; Richardson et al., 2004). In the present study, D-cycloserine
had no effects on delay aversion. Perhaps the effects of D-cycloserine are specific to extinction
of fear, although Port and Seybold (1998) reported effects of D-cycloserine on extinction of

lever-pressing for food.

The present study investigated several drug targets inspired by the correlation between delay
aversion and aggressive behavior, addiction and extinction. In addition, the data demonstrate
a multitude of different effects drugs can have on choice behavior in the delayed reward task,
including increased and decreased choice for the large reward, and interactions between the
drugs and the delays to the large reward. Potential new drug targets identified in this scudy
were the dopamine D -receptor and the 5-HT -receptor, both new targets that have not been

investigated in the context of delay aversion before.
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Response inhibition deficits and delay aversion, the inability to wait for re-
wards, are defining characteristics of impulsivity. In rats, response inhibition
can be measured in an operant task in which animals are rewarded for the
inhibition of a prepotent response if an audible stop-signal is presented. Delay
aversion is quantified in an operant task in which rats choose between an im-
mediately available, small reward, and a large reward available after a delay. De-
lay aversion is correlated with aggressive behaviour, and we therefore examined
the effect of eltoprazine, an anti-impulsive drug acting on the 5-HT -receptor.
Eltoprazine, like the reference drug D-amphetamine, decreased response inhi-
bition and increased choice for the large reward. High dosages of D-amphet-
amine, unlike eltoprazine, caused breakdown of performance in both tasks.
Microdialysis reveals that eltoprazine has no effects on dopamine in the stria-
tum at behaviourally effective dosages, and we conclude that the mechanism
by which eltoprazine acts on response inhibition and delay aversion is very
different from D-amphetamine. This unique mechanism of eltoprazine may be
useful in the treatment of impulsivity.




Introduction

Impulsivity, the inability to adequately consider the result of one’s behavior, is an important
characteristic of many mental disorders. For some of these disorders, impulsivity is a defining
characteristic, such as in attention-deficit hyperactivity disorder (ADHD) and mania. Until
recently, the impulsivity field was divided into proponents of at least two different theories on
the principal deficit in impulsive patients (mainly ADHD). In the first theory, the impulsive
individual is unable to inhibit the prepotent response until a proper evaluation of the situation
is complete, and the response is executed (response inhibition, see Barkley, 1999; Logan, 1994).
In this case, the post-hoc valuation of the response outcome may be similar to non-impulsive
people, but it is too late. In the second theory, the valuation of the response outcome is skewed
towards immediate gratification, even if waiting may maximize the reward (delay aversion, see
Sagvolden et al., 1998). In this second theory, the impulsive individual has enough time to
complete his valuation, but the impulsive choice is favored over the more rational choice. It is
important to note that many situations exist where swift responses or immediate gratification
are required. Impulsivity is only pathological if such behavior is also consistently applied in
inappropriate situations (Evenden, 1999). Recent research suggests that the two theories of im-
pulsivity are complementary rather then competitive, and both processes may lead to impulsive
behavior, and possibly other symptoms of mental disorders as well (Dalen et al., 2004; Solanto
etal., 2001; Sonuga-Barke, 2004; Sonuga-Barke et al., 2003).

Strategies for the treatment of impulsivity mostly rely on psychostimulants. Methylphenidate
is the treatment of choice for ADHD, and nonresponders to methylphenidate often do re-
spond to d-amphetamine. Although generally effective, the use of psychostimulants is asso-
ciated with a number of side effects, including insomnia, anorexia, headache, and stomach
problems (Bolanos et al., 2003; Goldman et al., 1998). Also, psychostimulants are potential
drugs of abuse, an unwanted side effect considering the higher vulnerability of drug depend-
ency in ADHD patients (Wilens, 1998). For the past two decades, many studies have suggested
a role for serotonin (5-hydroxytryptamine, or 5-HT) in impulsivity (Soubrié, 1986), but the
serotonin neuromodulatory system is complex, and the function of serotonin in impulsivity is
often unclear. Fourteen different serotonin receptors exist in the rodent brain, most of them
G-protein coupled, but the 5-HT -receptor is an ion-channel. Further, 5-HT , and 5-HT ,-re-
ceptors are located both pre- and postsynaptically, with opposite functions with regard to sero-
tonin functioning. Presynaptically, agonists binding to the 5-HT |, and 5-HT -receptors limit
serotonin release (De Groote et al., 2002; Knobelman et al., 2000), while those same drugs
mimic released serotonin when binding to postsynaptic receptors (Morikawa et al., 2000),
located on non-serotonergic neurons. As a final complication, 5-HT -receptors are different in
humans and rodents, and are called h 5-HT , and the r 5-HT ,-receptor, respectively (Hartig
et al., 1996).

The complexity of the serotonin system, combined with the two subtypes of impulsivity, can

90 Chapter 6



lead to complex interactions. First, a serotonergic manipulation may have different effects on
these impulsivity types. For example, serotonin depletion by i.c.v. infusion of the neurotoxin
5,7-DHT can lead to decreases in response inhibition (Harrison et al., 1997), while delay
aversion is unaffected (Winstanley et al., 2003), or increased (Mobini et al., 2000). Second,
different serotonin receptors may have opposite functions in the same model. For example,
5-HT,, and 5-HT, -receptors have opposite effects on premature responses in the five-choice
serial reaction time task, a putative test for response inhibition (Winstanley et al., 2004). Third,
the same drug can have opposite effects after repeated compared to acute administration. Bus-
pirone, a partial agonist of the 5-HT | ,-receptor, increases delay aversion acutely, but has attenu-
ating effects after chronic administration (Liu et al., 2004). Perhaps as a result of these complex
interactions, no drugs thus far have been developed based on the serotonergic system to treat
impulsivity. However, agonists of the 5-HT -receptor such as eltoprazine, have anti-aggressive
properties in animals (Olivier and van Oorschot, 2005), and aggressive behavior has clear ties
to certain types of impulsivity, as reflected by correlations in humans (r=0.40; Solanto et al.,
2001), and in animals (r<0.60; see Chapter 3)

We evaluated eltoprazine as a putative anti-impulsive drug, and compared the properties of
eltoprazine to d-amphetamine in tests for different types of impulsivity. The stop-signal task
was used to test the ability to withhold prepotent responses (Eagle and Robbins, 2003b). To
test for delay aversion, the delayed reward test was used (Cardinal et al., 2000). The most likely
target for anti-impulsive drugs is the dopaminergic system (van Gaalen et al., 2005). Because
the behavioral effects of eltoprazine and d-amphetamine in these two paradigms were highly
comparable, we hypothesized that the behavioral effects might be due to similar effects on the
dopaminergic system. Therefore, eltoprazine’s effects on both dopamine and serotonin concen-
trations were assessed using in vivo microdialysis in the striatum, an area implicated in certain

types of impulsivity (Eagle and Robbins, 2003a).

Methods
Behavioral studies

Subjects

Male Wistar rats (HsdCpb:WU) obtained from Harlan (The Netherlands) weighing 125¢g on
arrival, were housed in a light (lights on from 7:00 to 19:00), temperature (21 + 2°C), and
humidity (50 + 10 %) controlled animal facility. Animals were housed in groups of four and
received 15 g of standard laboratory chow per day and free water. Sixteen animals were assigned
to the stop-signal task, and twelve were assigned to the delayed reward task. Besides the training
procedure, animals were treated the same. The ethical committee on animal experiments of the
Faculties of Pharmaceutical Sciences, Chemistry and Biology of Utrecht University approved

the experiments.
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Apparatus

Sixteen operant chambers (MED Associates) controlled by MED-PC 1V software were used.
All boxes were equipped with a houselight and a central food magazine in which 45 mg Noyes
precision pellets (formula P) were delivered. Eight extra tall boxes (30 cm L x 24 cm W x 29
cm H) were used for the delayed reward task and were equipped with a curved five-hole re-
sponse wall opposite to the food magazine. In each of these five holes, a light stimulus could be
presented, and nose poke responses could be registered. The left- and rightmost holes were not
used in the delayed reward task. The eight standard height boxes (30 cm L x 24 cm W x 21 cm
H) used for the stop-signal task were equipped with retractable levers to the left and right of the

food magazine, and signal lamps over the levers and the food magazine.

Procedure

The stop-signal task was adapted from Eagle and Robbins (2003). Animals were placed in the
skinnerbox for 60 minutes or until they had completed 200 trials. Sessions were divided into
blocks, which consisted of several successful go-trials (1 to 3, determined randomly), and a
concluding stop-trial. Lever extensions and food rewards were signaled by the illumination of
a light above the lever or feeder tray. At the start of a go-trial, the left lever was extended for a
maximum of 60 s. A response on the left lever resulted in the retraction of that lever and exten-
sion of the right lever for a limited amount of time (the limited hold period), during which the
animal had to make a response to receive a food reward. If the animal failed to respond within
the limited hold period, an omission was scored, and the animal received a timeout. Stop-trials
were similar to go-trials, except for a 400 ms tone that was presented immediately, or 800, 700,
600, or 500 ms before the expected response on the second lever (based on previous sessions
for each animal individually; see below). On stop-trials, animals had to inhibit their response
on the second lever for the entire limited hold period to receive a food reward. Failure to do
so resulted in a timeout. During timeouts, the houselight was extinguished for 5 s. After the
timeout period, the inter-trial interval commenced automatically. The duration of the limited
hold period was determined for rats individually, and was based on their previous performance.
The limited hold period was defined as the mean reaction time between pressing the left lever
and the right lever plus 150 to 300 ms, and ranged between 850 ms and 1500 ms. Three meas-
ures were derived from the stop-signal task. First is the mean go response time (mRT). Second
is the stop-signal response time (SSRT), calculated according to Logan (1994). The SSRT was
defined as the mean of the different SSRTs calculated for each stop-signal interval. The final
measure is the corrected inhibition ratio as described by Tannock (1989). Training for the stop-

signal task took approximately four months.

The delayed reward task was adapted from Cardinal et al. (2000). In a session consisting of 6
blocks of 8 trials, rats had a choice between a nosepoke hole that, if the rat poked in the hole
using its nose, delivered a single food reward instantaneously, and a second nosepoke hole that
delivered four food rewards, but after a delay. In the first block, this delay is Os, but each block
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the delay was increased until it is 60s in the final block (0s, 5s, 10s, 20s, 30s, 60s). To make sure
that the rats had actually sampled both choices, the first two trials of each block were forced
trials in which only one of the nosepoke holes was illuminated. Both nosepoke holes were il-
luminated once in the forced trials, and the order of presentation was determined randomly.
The remaining 6 choice trials were used to calculate a preference ratio for each delay. Training

for the delayed reward task took approximately 2 months.

Statistics

All data was visually inspected for normality, and transformed if the criteria were not met. For
the stop-signal task data, the corrected inhibition percentage was calculated according to Equa-
tion 1 (Tannock et al., 1989). Mean reaction times and success in go-trials and the corrected
inhibition rate were analyzed using univariate analysis of variance. Delayed reward task data
was reduced to the area under the preference curve (AUPC). This area reflects a theory-neutral
index of inhibition in the delayed reward task (Myerson et al., 2001). The AUPC was also en-
tered into a repeated measures ANOVA. Post-hoc comparisons were corrected using Dunnett’s

approach with the vehicle as the control category. Significance levels were set at 5%.

Microdialysis studies

Subjects

Male Wistar rats (HsdCpb:WU) obtained from Harlan (The Netherlands) weighing between
350 g and 500 g at the time of testing, were housed under similar conditions as the animals de-
scribed in the behavioral studies. These rats had free access to food and water, and were handled

prior to the experiment. The rats were randomly assigned to the four different dosage groups.

Surgery

Animals were anaesthetized with a mixture of isoflurane, N,O and 0, (6% for induction, 2%
for maintenance). The head was shaven and xylocaine (2%) was applied to the skin prior to
making the incision. The stereotaxic instrument was equipped with a mouthpiece for anesthe-
sia, and animals were placed on a heating pad during the surgery. Probes with an active dialysis
surface of 2 mm were used (Microbiotech MAB.4.7.2.Cu). Coordinates for the microdialysis
probe were AP +0.2, ML -3.0, DV 7.0, all relative to dura and bregma with the toothbar set
at 3.3mm. The probes were tightened to the skull using dental cement around 3 achor screws.

After surgery, rats were injected with 1ml of saline and placed individually.

. B—(P,xP)
‘TR xP)

Egquation 1 Method used to correct the raw inhibition probability for omissions made during go-trials. Py’ is the
corrected inhibition probability, Pj is the raw inhibition probability in stop trials, and Po is probability of omissions
in go-trials.
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Procedure

Microdialysis experiments commenced 24 h after surgery. The probes were perfused with Ring-
er solution (147 mM NaCl, 2.3 mM KCl, 2.3 mM CaCl,, 1.0 mM MgCl)) at a flow of 0.09
ml/h using a high precision pump. Samples were collected every 30 min in vials containing 15
pl 0.1M acetic acid, and stored at -80°C until HPLC analysis. All animals subjected to two
dosages, with an additional session 24 h after the first. Each experimental day, 5 to 6 animals
were tested in a balanced design. Following the second session, animals were decapitated, and
the brains were extracted for later verification of the positioning of the probe. The brains were
fixed in 4% formaldehyde solution for at least 2 days, and were then transferred to a 15% sac-
charose solution. The brains were cut into 60 pum slices, and stained with cresyl-violet. Using
a microscope, probe positioning was verified, and animals with incorrectly placed probes were

excluded from all analyses.

HPLC-ECD analysis

DA and DOPAC were analyzed by HPLC with electrochemical detection. Samples of 25 pl
were injected onto an Inertsel ODS-3 column (3 pM, 2.1x100mm, Aurora Borealis, The Neth-
erlands) using a Gynkotek/Dionex pump (model P580) and a Gilson (Model 231) autosampler.
Detection was performed at 35°C with an electrochemical detector (Intro ECD, Antec Leyden,
Leiden, The Netherlands) set at a potential of 600 mV against an Ag/AgCl reference electrode.
The signal was analyzed using Gynkotek software. The mobile phase consisted of 0.05 M acetic
acid, 60 mg/l heptane sulphonic acid sodium salt, 100 mg/l EDTA, 5% methanol, at pH 4.65.

Flow rate was 0.3 ml/min.

Statistics

A baseline composed of the data of the first 3 samples of 30 min was calculated and all data
were calculated relative to that baseline. The average of the baseline was compared to the aver-
age of the samples from 30 to 150 min after eltoprazine administration in a repeated measures
ANOVA with the drug as a between-subjects factor. Dunnett’s test was used to compare the
effects of the three eltoprazine dosages to vehicle administration. Correlations were always Pear-

son’s correlations. Significance levels were set at 5%.

Drugs

For the behavioral tests, eltoprazine HCI (0.25, 0.5 and 1.0 mg/kg) and D-amphetamine HCI
(0.25, 0.5 and 1.0 mg/kg) were dissolved in saline and administered subcutaneously 2 ml/kg,
30 minutes before testing. For the microdialysis studies, different dosages of eltoprazine were
used (1, 3 and 10 mg/kg). The probes were connected 90 minutes before administration of

eltoprazine (designated timepoint 0). All dosages were based on the salt weights.
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Results
Behavioral studies

Stop-signal task

Go and stop-trial success is depicted in Figure 1. A high stop-trial success is interpreted as
low impulsivity. Eltoprazine had no effect on performance in the go trials (F[3,27]=1.2, NS).
Performance in stop-trials however, was significantly and dose-dependently impaired by ad-
ministration of eltoprazine (F[3,27]=7.3, p=0.001. Post-hoc tests showed that performance was
significantly worsened at all dosages. D-amphetamine displayed a similar profile in the stop-sig-
nal task, although go-performance was also significantly impaired (F[1.2, 14.4]=5.2, p=0.03).
Although this seems to be an effect of the 1.0 mg/kg dose, none of the dosages differed signifi-
cantly from vehicle. Stop-trial performance was significantly impaired (F[3,27]=5.6, p=0.004).
Post-hoc comparisons showed that 0.5 mg/kg and 1.0 mg/kg both yielded performance signifi-

cantly worse compared to vehicle.

Reaction time measures (mRT and SSRT) are depicted in Figure 2. Eltoprazine had no effect
on the mRT, or the SSRT. While D-amphetamine significantly decreased mRT at the highest
dose (F[3,39]=12.1, p=0.002), the elevation in SSRT did not reach statistical significance. The
effects of eltoprazine and D-amphetamine on SSRT (but not mRT) were rate-dependent. In all
dosages of eltoprazine a significant but negative correlation was found between SSRT change as
a result of drug administration and vehicle SSRT (0.25 mg/kg: r=-0.66, p=0.028; 0.5 mg/kg:
r=-0.60, p=0.03; 1.0 mg/kg: r=-0.81, p=0.001). In D-amphetamine, similar results are found at
0.25 mg/kg and 1.0 mg/kg (0.25 mg/kg: r=-0.69, p0=0.028; 1.0 mg/kg, r=-0.61, p=0.016). In
other words, animals with a low baseline SSRT displayed a large increase as a result of both el-
toprazine and D-amphetamine administration. Rate-dependency of D-amphetamine has been

extensively described in literature (e.g. Chiang et al., 2000).
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Figure 1 Effect of eltoprazine (left) and D-amphetamine (right) on go and corrected stop success in the stop-signal
task. Values are means + SEM.
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Figure 2 Effect of eltoprazine (left) and D-amphetamine (right) on response time measures of the stop-signal task.
Values are means + SEM.
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Figure 3 Effect of eltoprazine (left) and D-amphetamine (right) on preference in the delayed reward task. Values
represent the mean proportion of choice for the large reward + SEM.

Eltoprazine  mean +SEM D-amphetamine mean +SEM
Vehicle 21.1  +£29 Vehicle 180 +2.9
0.25* 30.0 +3.2 0.25 219  +4.0
0.5* 329 £32 0.5 312 +3.9
1* 328 +1.8 1 29.3 5.1

Table 1 Effect of eltoprazine (left) and D-amphetamine (right) on the area under the preference curve (AUPC) in the
delayed reward task. Values represent the means + SEM. Dosages marked with * indicates a significant increase.
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Delayed reward task

Figure 3 displays the choice preference for eltoprazine and D-amphetamine. The area under the
preference curve for each of the dosages is listed in Table 1. A high AUPC in the delayed reward
task corresponds to low delay aversion. Eltoprazine significantly increased the AUPC, and thus
significantly lowered impulsivity in the delayed reward task (F[3,33]=4.9, p=0.007). All dosages
of eltoprazine increased the AUPC. D-amphetamine again displays a similar profile, although
the effect was less pronounced, and the increase in AUPC almost reached statistical significance
(F[3,30]=2.7, p=0.06). Post-hoc tests confirmed that this lack of effect was due to the shape
of the curve. While 0.25 mg/kg was too low to have any effect, performance was significantly
elevated at 0.5 mg/kg, but the effect is lost again at the higher dose of 1.0 mg/kg. The reason
for this effect at the highest dose of D-amphetamine seems to be higher variability in the data
due to collapsed performance in a subgroup of animals. This may be explained by stereotypy at

the highest dose of D-amphetamine.

Preference curves (Figure 3) indicate that all effects of eltoprazine and d-amphetamine are due
to a shift to the large reward, while preference at a delay of 0 s remains stable (except at the

highest dose of D-amphetamine).

The performance increase by administration of eltoprazine relative to the baseline perform-
ance correlated significantly but negatively with baseline performance, indicating rate depend-
ency, which may be due to a ceiling effect (0.25 mg/kg: r=-0.82, p=0.001; 0.5 mg/kg: r=-7.64,
p=0.004, 1.0 mg/kg: r=-0.79, p=0.002). A similar but weaker rate-dependency was found for
D-amphetamine at the most effective dose (0.5 mg/kg: r=-0.68, p=0.02).

Microdialysis studies
Effects of eltoprazine

The effects of eltoprazine on dopamine release in the striatum are depicted in Figure 4. As
can be seen from that figure, relatively high dosages were needed to measure an increase of
dopamine in the striatum compared to the dosages that caused behavioral effects (up to 10 mg/
kg for microdialysis compared to a maximum of 1 mg/kg for the behavioral effects). Eltoprazine
had a significant elevating effect on dopamine concentrations in the striatum (F[3,21]=5.2,
p=0.007). This effect was exclusively due to the highest dose of eltoprazine (10 mg/kg), as
the other dosages did not differ from vehicle. Eltoprazine also has effects on DOPAC release
(F[3,20]=8.1, p=0.001), at the same dose as on dopamine (Figure 5). The slight elevation at 3

mg/kg eltoprazine was not significant.

The effects of eltoprazine on 5-HIAA, a serotonin metabolite, are shown in Figure 6. Eltopra-

zine causes a significant decrease in 5-HIAA concentrations at all dosages (F[3,18]=0.001).
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Fiigure 4 Effects of eltoprazine on dopamine release in the striatum. Values represent mean DA levels in the striatum
relative to the average of the 3 baseline samples (-90 to 0 minutes). For reference, the behavioral tests were conducted
from 30-60 min (in different animals).
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Figure 5 Effects of eltoprazine on DOPAC release in the striacum. Values represent mean DOPAC levels in the
striatum relative to the average of the 3 baseline samples (-90 to 0 minutes). For reference, the behavioral tests were
conducted from 30-60 min (in different animals).
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Figure 6 Effects of eltoprazine on 5-HIAA release in the striatum. Values represent mean 5-HIAA levels in the
striatum relative to the average of the 3 baseline samples (-90 to 0 minutes). For reference, the behavioral tests were
conducted from 30-60 min (in different animals).
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Discussion
The current study addressed the possible efficacy of eltoprazine, an anti-aggressive agent and a
5 —HTI A/1B

tested eltoprazine because of the links between aggressive and impulsive behavior. For example,

receptor agonist (Olivier and van Oorschot, 2005), as an anti-impulsive drug. We

correlations have been found between delay aversion and aggression in both humans and rats
(Ramirez and Andreu, 2005; Solanto et al., 2001; Chapter 3). The results show that eltoprazine,
similarly to D-amphetamine, decreased response inhibition in a stop-signal task, but raised
inhibition in a delayed reward task. Because the effects of eltoprazine are highly similar to those
of D-amphetamine in these impulsivity tasks, it can be postulated that eltoprazine has anti-
impulsive properties.

The similarity of the effects of eltoprazine on the two behavioral tasks to D-amphetamine sug-
gests a possible role for dopamine in the effects of eltoprazine in impulsivity. Although eltopra-
zine did indeed increase dopamine and DOPAC concentrations in the striatum, this effect was
only present at a tenfold higher dosage than the behavioral effects. In other words, if the effects
of eltoprazine on both types of impulsivity were dopamine-mediated, they probably would have
occurred only at those higher dosages. This discrepancy may not be attributed to the relative
insensitivity of the in vivo microdialysis technique compared to the behavioral studies, because
contrary to eltoprazine, the effects of D-amphetamine in these behavioral tasks are proportional
to the rise in dopamine concentrations found using microdialysis studies. Using microdialysis,
a significant rise in dopamine concentrations can be demonstrated after administration of D-
amphetamine at behaviorally effective dosages (Balcioglu et al., 2003; Dawson et al., 2003;
Pothos et al., 1995). At the behaviorally effective dosages of eltoprazine, the 5-HT metabolite
5-HIAA is significantly lowered, reflecting that the presynaptic activity of serotonergic neurons

is inhibited and suggesting that the effects of eltoprazine are due to its serotonergic properties.

Eltoprazine is highly selective for 5-HT,, and 5-HT, receptors, and to a lesser extent, the 5-
HT,. receptor (respective K values: 50, 52, and 81 nM: Schipper et al., 1990). The 5-HT,.
activity proved to be an antagonistic effect and was not relevant for the anti-aggressive effects
of eltoprazine (Olivier et al., 1995). The effects of eltoprazine on aggression are ascribed to its
effects on 5-HT |, receptors (Olivier and van Oorschot, 2005), although the precise relationship
between serotonergic activity and aggression is still a matter of debate (de Boer and Koolhaas,
2005). Through its binding on presynaptic 5-HT |, and 5-HT ,-receptors, eltoprazine causes
a decrease in serotonin release. At the same time, however, at the level of postsynaptic neurons
containing postsynaptic 5-HT, and 5-HT  heteroreceptors, activation of these same receptors
mimics (or even hyperstimulates) the normal function of the endogenous ligand serotonin (De
Groote et al., 2002). Whether the former or the latter is responsible for the effects of eltoprazine
remains speculative, although postsynaptic 5-HT , heteroreceptors seem very strong candidates
(see Olivier and van Oorschot, 2005, for multiple lines of evidence). Since impulsivity in the

delayed reward tasks correlates positively with aggressive behavior, and since eltoprazine has in-
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hibiting effects in both tasks, we hypothesize that a similar mechanism of eltoprazine underlies

both delay aversion and aggression.

The similarity of the behavioral effects of eltoprazine and D-amphetamine is cleary not due to
a shared effect on dopamine, and the effects of eltoprazine are hypothesized to be the result of
the activation of postsynaptic 5-HT ,-receptors. The question therefore rises whether the effects
of D-amphetamine may also be mediated by serotonin. D-amphetamine is not selective for the
dopamine transporter, but acts as a monoamine releasing agent and an antagonist at transport-
ers as well, including the norepinephrine and serotonin transporter (Gatley et al., 1996). In the
stop-signal task, the effects of D-amphetamine are not indisputably ascribed to dopamine, as
human studies have shown that L-dopa does not have an effect on response inhibition (Over-
toom et al., 2003). Although noradrenalin is suggested to be involved in response inhibition
because of the positive effects of desipramine in the stop-signal task (Overtoom et al., 2003),
extensive pharmacology has not ruled out any serotonergic involvement either. In delayed re-
ward tasks, the effects of D-amphetamine are dependent on details of the task used. In the
original design used by Evenden and Ryan (1996), the delays were not signaled. In their design,
D-amphetamine increased delay aversion. Cardinal and colleagues (2000) found that the effects
of D-amphetamine are different if the delay to the large reward is signaled: in signaled proce-
dures, D-amphetamine decreases delay aversion. Van Gaalen and colleagues (2005), however,
find stable effects of D-amphetamine in an unsignaled procedure, indicating that signaling may
not be as important as previously thought. In the present study, where a similar unsignaled
procedure was used, D-amphetamine also significantly reduced delay aversion, but only at
specific dosages. The present procedure resembles the procedure used by Van Gaalen and col-
leagues (2005) most, and in this procedure, the mediation of the effects of D-amphetamine by
dopamine has been meticulously proven. First, the selective dopamine transporter antagonist
GBR12909 decreases delay aversion (van Gaalen et al., 2005). Second, a behaviorally inert
dosage of eticlopride, a selective dopamine D,-receptor antagonist, attenuated the ability of
D-amphetamine to lower delay aversion (van Gaalen et al., 2005). We conclude therefore that,
although the behavioral effects of eltoprazine and D-amphetamine are similar, the mechanisms

by which they attenuate impulsivity are different.

Having established that both dopamine and serotonin have distinct functions in delay aversion,
the question rises whether one of these mechanisms precedes the other in the process that leads
to attenuation of delay aversion, or if both mechanisms in parallel lead to changes in a final
common pathway. Although the effects of D-amphetamine on delay aversion seem mediated
by dopamine (van Gaalen et al., 2005), they seem also to rely on serotonergic neurotransmis-
sion: depletion of serotonin by 5,7-DHT attenuates the ability of D-amphetamine to decrease
delay aversion (Winstanley et al., 2003). This effect can also be produced by systemic injection
of behaviorally inert dosages of the 5-HT,, -receptor agonist 8-OH-DPAT (Winstanley et
al., 2005). Higher dosages of 8-OH-DPAT increased impulsive choice, even after 5,7-DHT-
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induced serotonin depletion (Winstanley et al., 2005). These data suggest that a dopaminergic
mechanism precedes a serotonergic mechanism in the attenuation of delay aversion, although

few studies have been published in which the reverse has been directly addressed.

Because of its unique properties, eltoprazine has several interesting applications in the pharma-
cotherapy of ADHD. First, comparing the results of eltoprazine and D-amphetamine in the
delayed reward task suggest that the therapeutic window for eltoprazine is wider than for D-
amphetamine. Second, because of its unique mechanism of action compared to psychostimu-
lants, eltoprazine may be effective in nonresponders to psychostimulant treatment. Estimates of
ADHD patients that respond poorly to stimulant treatment range from 70 to 90% (Goldman
etal., 1998; Pelham et al., 1999). Third, since eltoprazine combines anti-aggressive effects with
anti-impulsive effects, it may be a valuable therapy for ADHD with comorbid oppositional
defiant disorder (ODD) or conduct disorder (CD). These disorders are often associated with el-
evated aggressive behavior (Maughan et al., 2004; Turgay, 2005), and frequently occur together
with ADHD: 35% of ODD patients also suffer from ADHD (Bird, 1988), and 30-50% of CD
patients have comorbid ADHD (Biederman et al., 1991). Currently, comorbid ADHD/ODD
and ADHD/CD are treated with psychostimulants or neuroleptics (Aman et al., 2004; Turgay,
2005). Both treatments have been reported to induce severe side effects (Goldman et al., 1998;

Lieberman et al., 2005; Troost et al., 2005), and new therapies are welcome.
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Summary, discussion,
and perspectives

Alice laughed: “There’s no use trying,”
she said; “one can’t believe impossible things.”
“I daresay you haven’t had much practice;” said the Queen

“When I was younger, I always did it for half an hour a day.
Why, sometimes I've believed as many as

six impossible things before breakfast”

Lewis Carroll Alice in Wonderland



Summary and Discussion

This thesis describes the search for new drug targets to treat pathological impulsivity. Underly-
ing that search is a theoretical framework consisting of two hypotheses. The first hypothesis
states that response inhibition deficits and delay aversion, while independent from each other,
both contribute to impulsive behavior. The second hypothesis states that the response selection
process underlying response inhibition is also involved in delay aversion, while delay aversion
processes do not play a role in response inhibition deficits. In this final chapter, we will discuss
the progress that has been made in proving (or falsifying) these hypotheses. Finally, we will dis-

cuss the perspectives on future research and the development of new therapies for impulsivity.

Independence of impulsivity subtypes

In the DSM-1V, the manual used for the diagnosis of mental disorders, impulsivity and hyper-
activity are listed together in the section on attention-deficit hyperactivity disorder (DSM-1V,
2000). Four ADHD-subtypes are listed: the primarily inattentive type, the hyperactive-impul-
sive type, the combined type, and ADHD not otherwise specified. To meet the criteria for im-
pulsivity, the following symptoms are listed: (1) Often blurts out answers before questions have
been completed. (2) Often has difficulty awaiting turn. (3) Often interrupts or intrudes on oth-
ers (such as butting into conversations or games). The DSM-IV makes no distinction between
impulsivity subtypes, and impulsivity is clustered together with hyperactivity. All symptoms
seem to relate to the inhibition of prepotent responses, and no symptoms based on delay aver-
sion are mentioned. Finally, the criteria are judged, not measured, further introducing unreli-
ability to the measurement. We studied the relationship between the impulsivity subtypes and
between the impulsivity subtypes and aggressive behavior, sexual behavior, addiction, learning

and locomotion using correlations.

The correlational approach

The correlational approach used in Chapter 3 (and to a lesser degree, Chapter 4) has a number
of advantages over the standard modeling approach used in Chapter 1. First, this approach gives
an idea of what the two impulsivity subtypes actually mean. Second, relationships with extinc-
tion and aggression may lead to new insights about extinction and aggression itself. Finally, the
approach may aid in the discovery of potential targets for the development of anti-impulsive
therapies (Chapter 5 and 6). The correlation coefficient itself may be a good indication of the

success one will have in applying therapies for one disorder to another.

The disadvantage of the correlational approach is that nothing is learned about the causality
of the constructs. The correlation between aggressive behavior and delay aversion (Chapter 3)
does not imply that delay aversion causes aggression. The reverse is also possible, and both delay
aversion and aggressive behavior may be caused by a third factor as well. This disadvantage is
especially prominent in Chapter 4, where smoking habits are found to be related to delay aver-

sion. To determine whether delay aversion causes a predisposition for a nicotine addiction or
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smoking causes delay aversion, a different experiment is necessary in which factors are varied
under controlled circumstances. In the modeling approach used in Chapter 1 (using an inbred
strain selected for hypertension) causality is also impossible to determine. For example, we can-
not conclude that hypertension causes any of the alterations measured in the study described

in Chapter 1.

In sum, the used correlation approach is suited as an exploratory strategy, but any relationships

should be followed up by controlled experiments.

Correlations between impulsivity subtypes and other behaviors

In Chapter 3, we show that response inhibition and delay aversion are independent constructs.
The impulsivity subtypes were quantified in a large group of rats, and none of the measures
of response inhibition correlated to delay aversion. In the introduction, we hypothesized how

these impulsivity subtypes underlie behavior, including aggression, extinction, and addiction.

We hypothesized that response inhibition was related to extinction of conditioned responses
and aggressive behavior. In extinction, a learned response that is no longer rewarded disappears.
Extinction does not mean the original response-reward contingency is forgotten; rather, a new
memory trace is formed which inhibits the original association (Rescorla, 2004). The descrip-
tion of the competition between the original trace and the extinction trace bears resemblance
to the horse-race model of response inhibition (Logan, 1994). This model states that successful
inhibition is produced by a disruption of an excitatory process by an independent inhibitory
process. In Chapter 3, we see that, contrary to our initial hypothesis, extinction is not related
to response inhibition. Moreover, the significant correlation between extinction and delay aver-
sion suggests that the similarities between theories of extinction and response inhibition are co-
incidental. Instead, we should perhaps interpret persistence in extinction (as found in the SHR
in Chapter 1) in terms of delay aversion. Possibly, in animals that display both delay aversion
and persistence during extinction the response and the reward are associated more closely. As a
result, these animals are unable to properly value responses and delayed rewards, and they also
need to create stronger inhibitory traces in extinction tests before they cease their conditioned

responses.

Like extinction, we should also revise our view on aggressive behavior. In Chapter 3, we clearly
show that aggressive behavior is not related to response inhibition as hypothesized in the in-
troduction. Various measures of aggressive behavior, including the number of bites, fights and
wounds on the opponent, were related to delay aversion instead. Different nosologies of aggres-
sive behavior exist (Barratt and Felthous, 2003; Barratt and Slaughter, 1998; Barratt, 1997),
and most include ‘impulsive aggression’. Impulsive aggression is often seen as an inability to
inhibit an aggressive urge. Descriptions such as ‘hair-trigger’ suggest a deficit in response in-
hibition (Barratt, 1997), in particular of aggressive urges (a hair-trigger is a firearms trigger

modified to respond to very slight pressure). The association between aggressive behavior and
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delay aversion suggests that aggressive acts are a result of an altered perception of the balance
between immediate rewards and delayed rewards or punishments. Females, food, shelter, or the
aggressive act itself serve as the immediate reward (Fish et al., 2005), but what are the long-
term rewards or punishments to which these animals are less sensitive? Perhaps not sustaining

injuries or advantageous group processes are rewards worth not fighting for.

In Chapter 4, we clearly show that addictive behavior in humans is associated to delay aversion
as hypothesized. Addictive behaviors are associated with long-term punishments, but to the ad-

dict, these disadvantages are less important than the immediate effects of their addiction.

Development and effects of environment

In Chapter 2, we conducted a longitudinal analysis of both impulsivity subtypes. The results
show that response inhibition as measured in the stop task is very stable. In humans, response
inhibition is also very stable in adulthood (Bedard et al., 2002; Carver et al., 2001). While
changes occur during childhood in humans, the lengthy training time required for the acqui-
sition of the stop-signal task in rats prohibited us from measuring this development. Delay
aversion slowly increased over the lifespan. Such changes are not present in humans (Chapter
2; Green et al., 1996), and we hypothesize that this increase may be due to an alteration of
the strategy rats use in the delayed reward task rather than actual changed preference. Also in
Chapter 2, we show that a radical environmental manipulation, isolation rearing, leads to im-
mediate deficits in response inhibition, while changes in delay aversion are observed only after

several months.

The serial process model

The serial-process model as postulated in the introduction to this thesis details the relationship
between response inhibition and delay aversion. Not enough experiments were aimed directly
at the falsification of the serial process model. Most drugs tested in this thesis were selected for
their efficacy in tests for constructs related to the two impulsivity subtypes, rather than to test
the predictions made by the serial-process model. Therefore, more research is required. In this

section, the various chapters of this thesis are discussed in terms of the serial process model.

Dopamine

The serial process model predicts that since the dopamine system is involved in the valuation
of rewards, manipulations of that system have effects on the delayed reward task, but not on
the stop-signal task. In the present thesis, the used dopaminergic drugs were D-amphetamine
and 7-OH-DPAT, a D,-receptor agonist. Both drugs do indeed have effects on delay aversion.
D-amphetamine significantly lowers delay aversion (Chapter 2 and 5), although this effect does
not always reach statistical significance (Chapter 6). In literature, the effects of D-amphetamine
are also not entirely consistent. Evenden and Ryan (1996) find that D-amphetamine increases

delay aversion, while Cardinal et al. see a reduction under specific test circumstances (2000).
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Cardinal et al. report effects of D-amphetamine only if rats are reminded of their choice during
the delay with a signal lamp (2000). The results of Van Gaalen et al. (2005), however, show that
D-amphetamine can reduce delay aversion even in procedures where the delay is not signaled.
In the present thesis, both procedures have been used, although no systematic comparisons
have been made. In pilot studies not included in this thesis and in Chapter 2, D-amphetamine
significantly lowered delay aversion in unsignaled conditions. In Chapter 2, this effect was only
significant in the isolation-reared animals. In Chapter 5, the procedure was signaled, and the
effects of D-amphetamine relative to the vehicle condition were larger compared to Chapter 2.
In short, many factors may contribute to the efficacy of D-amphetamine in the delayed reward

task, including isolation rearing and delay signaling, but none of these factors are required.

The effects of D-amphetamine on delay aversion are supportive of the serial process model, but
the model also predicts that dopamine is not very important in response inhibition. The results
of Chapter 2 clearly show that administration of D-amphetamine dose-dependently worsens
response inhibition. A similar effect is found in Chapter 6, where 1 mg/kg D-amphetamine
increases the speed of the go-response. Either the effects of D-amphetamine are caused by
antagonism of the noradrenalin or serotonin transporters, or the serial process model needs
revision. Perhaps the effects of dopamine on the motor system (currently outside the domain of

the serial process model) need to be considered.

The D,-receptor agonist 7-OH-DPAT decreased choice for the large reward, but only at a spe-
cific dose. In future research, D, -receptor antagonists should be examined, for they might have

a potential therapeutic value in impulsivity.

Serotonin

The serial-process model predicts that, since the serotonin system is involved in response selec-
tion, manipulations of the serotonin system will result in altered response inhibition, but not
in changes in delay aversion. In this thesis, several serotonergic drugs are tested. Fluvoxamine, a
serotonin transporter antagonist, has modest effects in both the stop-signal task and the delayed
reward task. The interaction between fluvoxamine and rearing conditions make interpretation
difficult. In addition, the brain has a rich variety of serotonin receptors, and fluvoxamine,

through its action on the serotonin transporter, activates them all.

Prompted by the links between aggressive behavior and delay aversion (Chapter 3), we tested
eltoprazine in both the stop-signal task (Chapter 6) and the delayed reward task (Chapter 5 and
6). Eltoprazine is an anti-aggressive drug with a high affinity for 5-HT, , and 5-HT, ,-receptors.
As hypothesized in the introduction to this thesis, a relationship should exist between aggres-
sive behavior and response inhibition. Therefore, eltoprazine was predicted to be effective in
the stop-signal task. The results of Chapter 3, however, show that aggressive behavior is linked
to delay aversion instead of response inhibition, and eltoprazine can thus be hypothesized to be

effective in the delayed reward task instead. In a direct comparison between the effects of elto-
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prazine in the delayed reward task and the stop-signal task, we find that eltoprazine decreases
response inhibition in the stop-signal task, but increases choice for the large reward. The de-
crease in response inhibition may be the result of binding to the 5-HT ,-autoreceptor, thereby
lowering available serotonin, and thus impairing response selection. The effects of eltoprazine
on delay aversion, however, are unexpected considering the serial process model. One possible
reason eltoprazine increases choice for the large reward, is that a lack of available serotonin
through activation of presynaptic 5-HT receptors results in cognitive inflexibility, making the
rats stick to the responses made in the first block. Since the delay is 0 s in the first block, inflex-
ibility leads to an advantage for the lever that delivers the large reward. The effects of eltoprazine
are much stronger in Chapter 6 than they are in Chapter 5. This is reminiscent of the unstable
effects of D-amphetamine described above, and more research is required to determine the

optimal conditions for measuring drug effects in the delayed reward task.

5-HT ,-receptor agonists, such as flesinoxan (Chapter 5) and 8-OH-DPAT (Evenden, 1999a),
lower choice for the large reward even at 0 s delays. Further, 8-OH-DPAT has been found to
increase choice for the large reward at longer delays (Evenden, 1999a). This indifference to the
delay may also be a result of cognitive inflexibility. The decreased choice for the large reward ata
delay of 0's, however, indicates the processes underlying the effects of 5-HT ,-receptor agonists

and eltoprazine are not identical.

Finally, a number of serotonin receptor antagonists, including GR127935, a 5-HT -receptor
antagonist (Chapter 5), had no effects on delay aversion (Evenden, 1999a), indicating that
delay aversion (or any of the other processes involved in execution of the delayed reward task)

are not under tonic SCI‘OtOl’lCI‘giC control.
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Perspectives
From the above discussion, it is clear that more research is required. This final section serves to

summarize the directions future research should take.

Optimization of instruments

As illustrated above, it is unclear what factors contribute to the contradictory results sometimes
found in the delayed reward task. In addition, the stop-signal task is a very cumbersome task
that takes several months of training. Both tasks need optimization, and direct comparisons of

task variations should be conducted before new, large-scale experiments are planned.

As described in this thesis, serotonergic manipulations may interact with execution of tasks
through a response selection mechanism. Therefore, the delays used in the delayed reward tasks
should be presented both in ascending and random (or descending) orders. Then, it will be-
come clear if a manipulation has effects on the ability to switch between alternatives. In its
current form, response-switching problems lead to an over-estimation of the anti-impulsive
potential of a drug, since the animal will keep responding as if the choice were between a large

delay and a small delay, both available immediately.

Reducing training time for the stop-task by at least a month would make the task much more
useful. It should be noted, however, that the stable performance of rats in the stop-task in its
current form is a big advantage. Perhaps premature responses in the five-choice serial reaction
time task (which requires shorter training times) are also a good measurement of response in-
hibition, but this hypothesis needs much more work. A correlational approach similar to that

used in Chapter 3 could be used to study the similarities between the two tasks.

Classification of disorders

By determining the contribution of response inhibition deficits and delay aversion to various
mental disorders, new therapies could be developed. In particular, ADHD is a very broad di-
agnosis including patients suffering from various types of impulsivity. The current division of
ADHD patients into subtypes has little theoretical basis (Evenden, 1999b; Nigg et al., 2005).
Perhaps a new classification system based on response inhibition deficits and delay aversion
proves useful in the prediction of non-response and in the development of new, more selective

therapies.

Buasic research into the serial-process model

Although response inhibition deficits and delay aversion are useful constructs, not nearly
enough is known about their similarities and differences. As described above, several problems
have risen with the strict separation of neurotransmitter systems as hypothesized in the serial-
process model described in the introduction. For example, motor effects of dopamine are not
considered, and neither is the involvement of serotonin in motivational processes. We conclude

that the fundaments of the model still stand, but the model requires more research. In particu-
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lar, we should study how widely applicable the role of dopamine and serotonin as hypothesized

in the model actually is.

A research program (given optimized tasks as advised above) should focus on pharmacology
and neuroanatomy of both impulsivity subtypes. More insight is needed into the serotonin
and dopamine systems in the delayed reward task and the stop-task. Only a small subset of all
receptors has been examined. Further, lesions studies and experiments with local infusions of
selective agonists and antagonists could uncover which brain areas are involved in both impul-

sivity subtypes.

Mechanism of active drugs

Finally, two potential targets were identified in the current thesis, and more research into the
involvement of those targets is required. The first and most extensively studied target in this
thesis is the 5-HT -receptor (Chapter 6). To study the effects of eltoprazine, we can use the fact
that central serotonin depletion has very few effects on delay aversion. If eltoprazine has effects
in serotonin-depleted animals, the effects of eltoprazine may be attributed to post-synaptic 5-
HT  -receptors. The second target is the dopamine D -receptor. In particular, inhibition of this
receptor may lower delay aversion. Co-administration of eltoprazine and a dopamine D -recep-

tor antagonist may provide a maximum effect with minimal side-effects.
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The stop-signal reaction time task

In the rat version of the stop signal reaction time task, rats are trained to press a lever (Figure
1). Immediately after this response, a second lever is presented. In go-trials, responding on
this lever (Figure 2a) delivers a food reward (Figure 3a). In stop-trials, a tone presented either
simultaneously with the extraction of the second lever, or a short while later (Figure 2b). In
response to this tone, the rat should withhold its response on the second lever, which results in
the delivery of a food reward (Figure 3b). Failure to respond on the second lever during go-tri-
als, or failure to inhibit responding during stop-trials both results in a time-out: the houselight

is turned off, and for 5 s, no new trials are presented.

Measures in the stop-signal reaction time task

We obtain four important measures from the stop-signal reaction time task. The first is the
percentage of correct responses in go-trials. The second is the percentage of correct responses
in stop-trials, but this measure is corrected for the number of omissions made in the go-trials
(Equation 1). This correction provides a better estimate of the trials in which rats were actually

inhibiting their response, rather then just not responding.

The third measure is the mean reaction time on go-trials, the mRT. Using the frequency distri-
bution of mRTs, a fourth measure can be calculated: the stop-signal reaction time (SSRT). In
the horse-race model, response inhibition is described as a race between an excitatory and an
inhibitory signal (Logan, 1994). If the excitatory signal wins, the response is executed. If the
inhibitory signal wins, however, it disrupts the excitatory signal and the response is inhibited.
The speed of the inhibitory process (the SSRT) must be estimated, since successful inhibition
does not result in a response, and thus no reaction time can be measured. To estimate the SSRT,
the mRT distribution is plotted, and the percentile of the distribution that equals the propor-
tion of failed stops is taken. This speed has to be corrected for the onset of the stop-stimulus
relative to the go-stimulus (Figure 4). This method assumes independence of the excitatory and

inhibitory signals.

. B—(P,xP)
‘1B xP)

Egquation 1 Method used to correct the raw inhibition probability for omissions made during go-trials. Py’ is the
corrected inhibition probability, Pj is the raw inhibition probability in stop trials, and Po is probability of omissions
in go-trials.
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Figure 1-3 Description of the stop-signal task

probability
correct stop

stop-

. incorrect | correct
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stop-trials | stop-trials

stop-signal stop-signal
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Figure 4 Schematic overview of some of the parameters of the rat stop-task.
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The delayed reward task

In the delayed reward task, rats repeatedly make a choice between a small, immediately avail-
able reward, and a large reward available after a delay. A delayed reward task session is divided
into five (Chapter 5) or six (Chapter 2, 3 and 6) blocks. In the first block, the delay is short
(0's), but in the final blocks, the delay is long (40 to 60 s). The blocks are divided into trials.
The first two trials of each block are forced choice trials, in which only one lever is present. The
remaining trials are choice trials, in which both levers are presented. In choice trials, both levers
are extended into the box (Figure 1). A response on one lever (Figure 2a) delivers a single food
reward (Figure 3a), while a response on the other lever (Figure 2b) results in a delay (Figure D),
and four food rewards (Figure 3b).

Measures of the delayed reward rask

Waiting for a reward diminishes its value. If there is no delay, the subjective value of a reward is
maximal. At the indifference point, the delay decreased the value of the large reward to the same
value as the small reward (Figure 4). At longer delays, the smaller reward has a higher subjective

value than the larger reward.

Several different models have been proposed to describe the speed by which delays affect subjec-
tive value, and a growing body of evidence now favors a hyperbolic over an exponential account
of the data (Vuchinich and Simpson, 1998). The hyperbolic function (Equation 1, Mazur,
1997) predicts the subjective value of a reinforcer (V*), considering the initial value (V), and
the delay (D). Individual differences in discounting magnitude are expressed in the discounting
constant k. The discounting constant is often calculated for individuals, and may signify an

important personality trait, with value of k being higher in impulsive individuals.

Calculation of hyperbolic curves for individuals is not without problems, and there are no
criteria labeling a fit as “good”. Articles claiming good fits report R2 values as high as 0.99
(Petry, 2001) and some report values lower than 0.80 (Crean et al., 2002; Ortner et al., 2003;
Reynolds et al., 2004). Because of these problems, some researchers suggest a regression solu-
tion with a second parameter: an exponent s for the divisor (Equation 2). The two-factor model
is especially useful to fit individual data, as individual choices are often not described very well
by Equation 1 (Green et al., 2004; Holt et al., 2003). The two-factor model necessarily creates
a better fit for sample data as well, but added value is small (for example, see Vuchinich and
Simpson, 1998: 87% explained variance for the one-factor model, 94% explained variance for
the two-factor model). Because of the difficulties associated with curve-fitting, and the effects
curve-fitting has on inter-subject variation, some researchers advise to calculate the area under
the preference curve as a theory-neutral measure of impulsivity (Holt et al., 2003; Myerson et

al., 2001). This approach is therefore used in the current thesis.
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Figure 1-3 Description of the delayed reward task.
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B V
1+kxD

Equation 1 Subjective reward value as a function of the delay to the availability of that reward. V* is the subjective
value, V is the actual reward value, D is the delay to the reward, and k is an individual constant.

&

N 4
(1+kx D)

Equation 2 Subjective reward value as a function of the delay to the availability of that reward. This equation contains
an additional parameter s, which is an individual constant.

subjective
value
4
large
3 rev%ard
2
small
1 reward
. _4&\\\\5"—__d| t
indifference elay to
point large reward

Figure 4 Figure illustrating the diminishing of the delayed reward with increasing delays. Without delay, the value
of the rewards is maximal. The longer the delay, the less the reward is worth, until it is worth less than the smaller
reward. The intersection is the indifference point.
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Samenvatting
in het Nederlands




Inleiding

Zonder impulsief gedrag, gedrag waar niet voldoende over
nagedacht is, is het leven saai. Wanneer impulsiviteit in
voldoende mate aanwezig is noemen we iemand ad rem of
spontaan. Maar sommige mensen zijn continu impulsief,
en het belet ze vrienden of hun baan te behouden. Zulk
ernstig impulsief gedrag is een belangrijk kenmerk van veel
psychiatrische stoornissen, zoals attention-deficit hyperactivity
disorder (ADHD), en manische depressie. Hoewel de DSM-1V
impulsiviteit als één symptoom behandeld, zijn er aanwijzingen
dat impulsiviteit een verzamelnaam is voor verschillende
soorten gedrag. De verschillen tussen deze subtypen kunnen
van groot belang zijn voor de behandeling van impulsiviteit.

De cerste soort impulsiviteit komt voort uit een onvermogen
gedrag dat gepland was maar niet langer gewenst te inhiberen
(remmen). Zo'n gebrek aan respons inhibitie is te meten
met de zogenaamde stopsignaal zak. Een stopsignaal taak
bestaat uit een groot aantal stimuluspresentaties (trials) waarin
proefpersonen of proefdieren reageren op een stimulus. Ze
drukken bijvoorbeeld op een knop wanneer er een lamp gaat
branden. Dit noemen we een go-trial. In een aantal van die
trials, de stop-trials, wordt er naast het visuele signaal een
tweede signaal aangeboden, bijvoorbeeld een toon. Wanneer
het subject deze toon hoort is het de bedoeling juist niet op
de knop te drukken. Mensen kunnen deze taak na een aantal
proeftrials prima uitvoeren, maar om dit gedrag een rat te
leren zijn enkele maanden training nodig. De uitleesmaat van
de stopsignaal taak is het succes waarmee geinhibeerd wordt,
maar ook kan de snelheid van het stopproces berekend worden.
Om deze snelheid te berekenen gaan we er van uit dat een
go- en een stopproces het tegen elkaar op nemen. De winnaar
bepaalt het gedrag: wint het go-proces, dan wordt de respons
uitgevoerd. Maar als het stopproces wint, dan lukt het om de
respons in te houden. Omdat er bij een gebrek aan respons
natuurlijk geen gedrag gemeten wordt, wordt de snelheid
van het stopproces berekend op basis van de reactiesnelheid
tijdens go-trials en het succes tijdens stop-trials. Met gebruik
van de stopsignaal taak is in veel patiéntengroepen respons
inhibitie gemeten. Het blijkt dat vooral bij ADHD-patiénten
het stopproces vertraagd is, en dat psychostimulantia dit gedrag
bovendien kunnen verbeteren.
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Attention-deficit
hyperactivity disorder
(ADHD)

Stoornis gekenmerkt door
aandachtsproblemen, hyper-
activiteit en impulsiviteit.
Hoewel de stoornis vooral
voorkomt bij kinderen,
kunnen de symptomen ook
bij volwassenen voorkomen.
Patiénten met ADHD
worden vaak behandeld met
methylfenidaat (zie beneden).

Manische depressie
Stoornis waarbij patiénten
afwisselend perioden

van depressie en manie
doormaken. Impulsiviteit
speelt vooral een rol tijdens
de manische perioden.

DSM-IV

Handboek waarin de
criteria staan beschreven
voor de diagnose van alle
psychische stoornissen.

Taak

Een gedragsmeting waarin de
proefpersonen of proefdieren
een opdracht uitvoeren wordt
vaak een taak genoemd. Hun
prestaties zijn de uitleesmaat.
Mensen voeren taken vaak via
de computer uit. Voor dieren
wordt meestal gebruik gemaakt
van een skinnerbox. Een
skinnerbox is een experimentele
opstelling waarin het gedrag van
proefdieren (zoals het drukken
op een pedaal) gemeten kan
worden en diverse stimuli
kunnen worden aangeboden

(zoals voedsel, geluid of licht).



Psychostimulantia
Psychostimulantia vormen

een klasse van farmaca die

een stimulerende, activerende
werking hebben op het gedrag.
Amfetamine en methylfenidaat
vallen allebei onder deze
noemer. Paradoxaal verlagen
psychostimulantia impulsiviteit
in patiénten met ADHD, en
vanaf de jaren 30 van de vorige
eeuw worden psychostimulantia
ook gebruikt om mensen af te
remmen. Psychostimulantia
werken vaak direct of

indirect op het dopamine
systeem (zie beneden)

Dopamine

Dopamine is een
neurotransmitter: een
boodschapperstof in het brein.
Zenuwcellen communiceren
door een neurotransmitter
af te scheiden die vervolgens
gebonden wordt door een
receptor op de volgende
zenuwcel. De meeste
neurotransmitters binden
aan meerdere receptoren.
Dopamine bindt er aan vijf.

Samenvatting in het Nederlands

Mensen die lijden aan de tweede soort impulsiviteit geven
de voorkeur aan directe beloningen, ook als wachten een
aanzienlijk grotere beloning oplevert. Deze wachttijd wordt
als onaangenaam ervaren, en impulsieve mensen zullen dus
kiezen voor directe beloningen. Als dat niet mogelijk is, zullen
ze hun aandacht afwenden van de wachttijd en hun doel, om zo
de subjectieve wachttijd te verkorten. Het meten van dit soort
impulsiviteit gebeurt in een uitgestelde-beloningen taak. In
zo'n taak worden proefpersonen herhaaldelijk geconfronteerd
met twee opties. Kiezen zij voor de eerste optie, dan krijgen
zij direct een beloning (bijvoorbeeld 1 voerkorrel voor dieren,
of een ingebeelde beloning van 60 euro voor mensen). Kiezen
zij voor de tweede optie, dan krijgen zij een grotere beloning
(bijvoorbeeld 4 voerkorrels, of een ingebeelde beloning van 150
euro), maar pas na een wachttijd (tot maximaal 1 minuut voor
ratten, en 2 jaar voor mensen). Door de gemaakte keuzen te
analyseren kan je de snelheid waarmee een beloning zijn waarde
verliest als de beloning niet direct beschikbaar is, berekenen.
Dit soort impulsiviteit komt ook voor bij patiénten die aan
ADHD lijden, maar is vooral veel aangetoond in verslaafden.
Het object van de verslaving blijkt niet zo veel uit te maken.
Verslaafden aan nicotine, cocaine, heroine, alcohol, maar ook
aan gokken, kiezen vaker voor directe, kleine beloningen dan
uitgestelde, grotere beloningen.

Hoewel beide vormen van impulsiviteit waarschijnlijk
onafhankelijk van elkaar zijn, verwachten we wel dat in de
totstandkoming van beide vormen van impulsief gedrag
dezelfde hersengebieden een rol spelen. Motivationele
gebieden spelen vooral een rol in de uigestelde-beloningen
taak. De hypothese is dat bij het kiezen voor een directe of een
uitgestelde beloning de niet-gekozen optie geremd wordt. Dit
is een vorm van respons inhibitie, en we verwachten dus dat
de gebieden die een rol spelen bij respons inhibitie ook een
rol spelen bij het kiezen voor de grote, uitgestelde of juist de
kleine, directe beloning.
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Hoofdstuk 1

In het eerste experimentele hoofdstuk wordt de spontaan
hypertensieve rat (SHR) als diermodel voor ADHD onderzocht.
In het begin van het onderzocksproject waren de twee
typen impulsiviteit nog niet zo duidelijk gedefiniéerd, en de
methoden die gebruikt zijn om impulsiviteit te meten zijn dan
ook niet heel erg selectief. Desondanks is wel duide-lijk dat
deze methoden aspecten van impulsiviteit meten. In het open
veld legden de SHR een grotere afstand af dan controledieren,
maar deze hyperactiviteit verdween naarmate de dieren ouder
werden. Bovendien werd deze hyperactiviteit niet verlaagd
na toediening van methylfenidaat. In de DRL-72s, een taak
voor impulsiviteit, krijgen de dieren een beloning wanneer zij
op een pedaal drukken, maar alleen wanneer de laatste keer
dat zij op dat pedaal drukten meer dan 72 seconden geleden
was. Hierdoor worden de ratten gedwongen dit gedrag
gedurende langere tijd te onderdrukken. Hoewel SHR minder
beloningen kregen dan controledieren, en vaker snel achter
elkaar meerdere responsen maakten, had methylfenidaat hier
geen effect op. In hogere doseringen had methylfenidaar zelfs
een negatief effect op het aantal behaalde beloningen. De vijf-
keuzen taak is een taak voor aandacht en impulsiviteit, waarin
dieren een wand met vijf lampjes in de gaten moeten houden.
Zodra er een lampje aangaat, moet de rat zijn snuit in het
bijbehorende gaatje steken. Doet hij dit goed, dan krijgt hij
een beloning. Steeke hij zijn snuit in het verkeerde gat, dan
wordt dit geinterpreteerd als een aandachtsprobleem. Steekt
hij zijn snuit in een gat nog voordat een lampje gaat branden,
dan wordt dit geinterpreteerd als impulsiviteit. SHR bleken in
deze taak niet impulsief, en hebben ook geen aandachtstekort.
Eén van de controlegroepen bleek zelfs impulsiever in deze
taak. Bovendien had methylfenidaat ook bij deze methode
geen effect op het gedrag van de SHR. We concluderen dan
ook dat de SHR geen goed model is, en we besloten geen
gebruik meer te maken van dit soort modellen. Bovendien
besloten we om specifickere methoden te gebruiken om de
twee typen impulsiviteit te meten.
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Spontaan hypertensieve
rat (SHR)

De spontaan hypertensieve
rat is oorspronkelijk gefoke als
modeldier (zie beneden) voor
hoge bloeddruk. Deze dieren
bleken echter ook zeer actief
te zijn. Recent onderzoek laat
zien dat de hoge bloeddruk en
de hyperactiviteit die de SHR
vertonen, onafhankelijk van
elkaar veroorzaakt worden.
Het is dan ook gelukt om
SHR te fokken die geen

hoge bloeddruk hebben.

Diermodel

Een model is een
vereenvoudigde voorstelling
van de werkelijkheid. Van
een diermodel verwachten
we dat zij één of meer
symptomen vertonen die
patiénten ook vertonen. Een
andere eis is dat effectieve
medicijnen bij de mens ook
in deze dieren werken.

Open veld

Het open veld is een
eenvoudige taak om activiteit
te meten. De dieren worden in
een bak gezet, en de afgelegde
afstand wordt gemeten. Een
groot voordeel aan de test is
dat hij zo eenvoudig is uit te
voeren. Een nadeel is dat het
moeilijk te bepalen is wat je nu
eigenlijk aan het meten bent.

Methylfenidaat
Methylfenidaat (Ritalin)
is een stimulerende stof
(zie Psychostimulantia)
die voorgeschreven

wordt aan kinderen en
volwassenen met ADHD.



D-amfetamine
D-amfetamine valt ook onder
de psychostimulantia (zie
boven), en wordt soms gebruikt
in patiénten die niet goed

op methylfenidaat reageren.
D-amfetamine wordt ook

veel verkocht in het party-
circuit, waar het vele namen
kent, waaronder speed.

Fluvoxamine
Fluvoxamine is de eerste
selectieve serotonine (zie
beneden) heropname
remmer (SSRI), een klasse
van stoffen waaronder ook
Prozac valt. SSRI’s zijn vooral
effectief bij depressie.

Serotonine

Serotonine is net als dopamine
een neurotransmitter. Er
bestaan 14 verschillende
serotonine receptoren.

Maprotiline
Maprotiline is een
noradrenaline heropname
remmer. Naast
psychostimulantia, is er
in de Verenigde Staten
een andere optie voor de
behandeling van ADHD:
atomoxetine. Maprotiline
en atomoxetine hebben een
vergelijkbaar mechanisme.

Noradrenaline
Noradrenaline is net als
dopamine en serotonine
een neurotransmitter.
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Hoofdstuk 2

In hoofdstuk 2 beschrijven we de ontwikkeling van
beide soorten impulsiviteit. Daarvoor hebben we twee
methoden gebruike. Ten eerste hebben we beide vormen
van impulsiviteit gedurende een langere periode gemeten
(ongeveer 10 maanden). Daarnaast hadden we de helft van
de dieren alleen in een kooi gehuisvest, en de andere helft in
groepen van vier (zoals gebruikelijk). Op deze manier werd de
invloed van de sociale omgeving op impulsiviteit onderzocht.
De uitleesmaten zijn de stopsignaal taak en de uitgestelde-
beloning taak. De resultaten wezen uit dat respons inhibitie
zeer stabiel was gedurende de gemeten periode. De voorkeur
voor directe beloningen daalde gedurende de hele periode,
maar onduidelijk blijft of de impulsiviteit echt afnam, of dat
de dieren de taak op een andere manier gingen uitvoeren.
Sociaal gehuisveste dieren bleken over betere respons inhibitie
te beschikken dan geisoleerd gehuisveste dieren. De voorkeur
voor directe beloningen was aanvankelijk even groot in
beide groepen dieren, maar na zes maanden onwikkelden de
geisoleerde dieren een grotere voorkeur voor directe beloningen
dan groepsgehuisveste dieren.

In dit hoofdstuk wordt ook een begin gemaakt met de
studie van de effecten van farmaca op beide vormen van
impulsiviteit. Onder invloed van D-amfetamine kozen
dieren vaker voor uitgestelde beloningen, maar deze zelfde
stof verslechterde respons inhibitie. Het positieve effect van
amfetamine was groter in de alleen gehuisveste dieren dan in
de groepsgehuisveste dieren. Fluvoxamine had vrijwel geen
effect op beide vormen van impulsiviteit. Ook maprotiline had
geen effecten op beide vormen van impulsiviteit.

Hoofdstuk 3

In dit hoofdstuk worden twee belangrijke vragen onderzocht.
Ten eerste vragen we ons af of de stopsignaal taak en de
uitgestelde-beloning taak iets anders meten. Ten tweede vragen
we ons af bij welk gedrag impulsiviteit, zoals gemeten met de
twee genoemde taken, allemaal een rol speelt. Om deze twee
vragen te beantwoorden hebben we een grote groep ratten
beide taken geleerd zodat we de twee impulsiviteitstypen
binnen hetzelfde dier kunnen meten. Daarna hebben we een
aantal andere gedragingen gemeten die van belang zijn in een
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rattenleven: extinctieleren, sexueel gedrag en aggressief gedrag.

Er was geen correlatie tussen respons inhibitie en voorkeur
voor directe beloningen, wat aangeeft dat de twee concepten
volkomen onafthankelijk zijn, en dat de twee taken
verschillende zaken meten. Met andere woorden: weten hoe
hoog een rat scoort op de stopsignaal taak geeft geen informatie
over zijn voorkeur voor directe beloningen, en andersom.
Extinctieleren bleek sterk gecorreleerd aan de voorkeur voor
directe beloningen. Dit betekent dat dieren die veel responsen
maakten tijdens extinctietrials, en daarvoor dus helemaal geen
beloningen krijgen, ook vaak die dieren zijn die een voorkeur
hebben voor de directe beloning boven de uitgestelde, maar
veel grotere beloning. Sexueel gedrag was ongecorreleerd met
beide typen impulsiviteit. Aggressie daarentegen, bleek sterk
gecorreleerd aan een voorkeur voor de directe beloning. Dieren
met een voorkeur voor de directe beloning bijten en vechten

meer, en verwonden hun opponent meer.

Deze data geven inzicht in de betekenis van beide soorten
impulsiviteit, maar zeker ook in de aard van extinctie en

aggressic.

Hoofdstuk 4

In hoofdstuk 3 ontbreekt het verband tussen impulsiviteit en
verslaving. Zoals beschreven in de inleiding, vermoeden we
dat verslaving gekoppeld is aan een voorkeur voor directe
beloningen. Daarom hebben we er voor gekozen dit verband
te onderzoeken in mensen. We hebben met behulp van het
internet 156 mensen ondervraagd over hun leeftijd, inkomen
en verslavingen. Ook hebben we een vragenlijst afgenomen
om hun voorkeur voor directe beloningen te meten. De proef-
personen werd daartoe gevraagd om steeds te kiezen tussen
een kleine, direct beschikbare beloning (van 60, 90 of 120
euro), of een grote beloning van 150 euro, beschikbaar na een
wachttijd (van een halve maand tot twee jaar).

Man of vrouw, oud of jong, heeft geen invloed. Of mensen
zichzelf rijk of arm vinden daarentegen, bepaalde wel of ze een
voorkeur hebben voor de directe of de uitgestelde beloning.
Deze voorkeuren hadden geen invloed op alcoholconsumptie
en gokgedrag. Rookgedrag en koffieconsumptie hingen wel
samen met impulsiviteit. Rokers hadden een voorkeur voor
directe beloningen vergeleken met niet-rokers. Koffiedrinkers
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Extinctieleren

Wanneer gedrag niet

langer belonend is zal het
steeds minder vaak worden
uitgevoerd. Dit uitdoven wordt
extinctie genoemd. Bij extinctie
wordt niets vergeten: in plaats
daarvan wordt er iets nieuws
geleerd. Er wordt geleerd dat
een bepaald gedrag geen zin
heeft. Extinctie is een basaal
proces dat in ratten gemeten
kan worden door ze eerste

te trainen op een pedaal te
drukken voor voer. Een dag
later wordt het pedaal opnieuw
aangeboden, maar responsen
leveren geen beloning meer op.

Correlatie

Met een correlatie kan je

het samen variéren van twee
variabelen uitdrukken in een
getal. Dit getal is een maat
voor de variatie binnen een
groep op een variabele, die
verklaard kan worden uit een
andere variabele, gemeten in
diezelfde groep. Een positieve
correlatie betekent dat een hoge
score op de eerste variabele
waarschijnlijk samen gaat met
een hoge score op de tweede
variabele. Een negatieve
correlatie betekent dat een hoge
score op de eerste variabele juist
een voorspeller is voor een lage
score op de tweede variabele.



Agonist

Communicatie tussen
zenuwcellen in het brein

vindt voor een belangrijk deel
plaats doordat de ene cel een
neurotransmitter vrijmaake,

en een volgende cel deze
neurotransmitter bindt op een
receptor. Een agonist is een stof
die, wanneer hij bindt op een
receptor in het brein, dezelfde
werking uitloke als wanneer een
lichaamseigen neurotransmitter
bindt op die receptor.

Eltoprazine

Eltoprazine is een anti-
aggressieve stof. Deze klasse
van stoffen worden wel

de serenica genoemd. De
werking van eltoprazine berust
op activatie van bepaalde
serotoninereceptoren.

Antagonist

Net als een agonist (zie boven)
bindt een antagonist op
receptoren. In tegenstelling
tot een agonist doet een
antagonist echter niets,

maar door het bezetten

van de receptor wordt de
werking van de lichaamseigen
neurotransmitter geblokkeerd.
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leken impulsief wanneer zij een keuze maakten tussen 60 en
150 euro, maar leken minder impulsief waneer er gekozen
moest worden tussen 120 en 150 euro. De conclusie is
dat er een verband bestaat tussen sommige verslavingen
en impulsiviteit. Waarom sommige verslavingen wel, en
andere niet samengaan met een keuze voor de kleine, directe
beloning, is onduidelijk. Wellicht speelt de intensiteit van de
verslaving een rol. We verwachten, omdat onze steekproef
vooral bestond uit hoogopgeleide mensen met een baan,
dat alcoholverslaafden maar weinig voorkwamen in onze
steekproef. Ook gokverslaafden zullen relatief zeldzaam zijn
geweest. Rook- en koffieverslaafden daarentegen, komen veel
voor, en functioneren vaak prima. De verwachting is dan ook

dat zij veel voorkwamen in onze steekproef.

Hoofdstuk 5

Nu vastgesteld is dat impulsiviteit belangrijk is voor vele
soorten gedragingen in hoofdstuk 3 en 4, en dat vooral het niet
kunnen wachten op uitgestelde beloningen een voorname rol
speelt in aggressie en verslaving, zitten we met de vraag of we
hier wat aan kunenn doen. Daartoe hebben we zes potentieel
werkzame stoffen getestin ratten die we de uitgestelde-beloning
taak hebben geleerd. De zes geteste stoffen zijn D-amfetamine,
7-OH-DPAT (een dopamine D-agonist), flesinoxan (een
serotonine 5-HT ,-agonist), eltoprazine (een serotonine 5-
HT1A/1B-agonist), GR127935 (een serotonine 5-HT- .-
antagonist), en D-cycloserine (een NMDA-receptor agonist).
De keuze voor deze stoffen is gemaakt omdat de systemen
waarop zij werken verband houden met motivatie (dopamine),
aggressie (serotonine, vooral 5-HT
D)), en extinctie (NMDA).

Uit de resultaten blijkt dat D-amfetamine, zoals we eerder

g verslaving (dopamine

zagen in hoofdstuk 2, impulsiviteit verlaagd. De DS—agonist 7-
OH-DPAT heeft een impulsiviteitsverhogend effect, wat er op
duidt dat een D -antagonist wellicht impulsiviteitsverlagende
eigenschappen heeft. Flesinoxan ontregelde de prestaties van
de dieren, waardoor zij vaker de kleine beloning kozen, ook
als er helemaal geen wachttijd was. Eltoprazine, maar alleen
bij een specifieke dosering, verlaagde impulsiviteit. Dit is geen
verassing wanneer je bedenkt dat deze vorm van impulsiviteit

gecorreleerd is aan aggressief gedrag (zie hoofdstuk 3). De

141



antagonist GR129935 had geen effect. D-cycloserine, een stof
die effecten heeft op extinctie, had ook geen effect.

Hoofdstuk 6

Het gebruik van eltoprazine is mogelijk een effectieve remedie
tegen impulsief gedrag, omdat ratten onder invloed van
eltoprazine vaker voor de grote, maar uitgestelde beloning
kiezen. In hoofdstuk 6 wordt wat dieper ingegaan op de
effecten van eltoprazine. Eerst wordt gekeken naar de effecten
van eltoprazine op beide vormen van impulsiviteit. Omdat deze
effecten sterk lijken op die van D-amfetamine, is met behulp
van microdialyse gekeken of dit effect misschien het gevolg is
van veranderingen in dopaminerge neurotransmissie.

Respons inhibitie verslechterde na toediening van zowel
eltoprazine als D-amfetamine. Dit bleek zowel uit een verlaging
van het aantal correcte stop-trials als uit een vertraging van de
stop reactietijd. Doseringen D-amfetamine hoger dan 1 mg/
kg induceerden stereotype gedragingen, maar bij eltoprazine
was dit niet het geval. Alle doseringen van eltoprazine leidden
tot een toegenomen keuze voor de grote beloning. Bij D-
amfetamine leek dit ook te gebeuren, maar bij sommige
dieren induceerde D-amfetamine stereotypie, waardoor
dit effect van D-amfetamine niet gemeten kon worden. De
sterke overeenkomst tussen de effecten van eltoprazine en
D-amfetamine doen vermoeden dat eenzelfde mechanisme
wellicht aan beide effecten ten grondslag ligt. Uit de literatuur
is bekend dat de effecten van D-amfetamine in uitgestelde-
beloningen taken vooral te danken zijn aan de effecten van
deze stof op het dopaminerge systeem. Met behulp van
microdialyse werden geen veranderingen in het dopaminerge
systeem gevonden, waardoor we konden uitsluiten dat de
effecten van eltoprazine te wijten zijn aan dit systeem. Dit
suggereert dat deze effecten direct aan serotonine te danken
zijn. Door dit uniecke mechanisme kan eltoprazine wellicht

gebruikt worden om impulsiviteit te behandelen.

Discussie

Het onderzoeksproject zoals beschreven in dit proefschrift
begint bij modellen en eindigt bij het potentieel werkzame
eltoprazine. Twee hypothesen hebben aan dit project ten
grondslag gelegen. De eerste hypothese is die van de opdeling
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NMDA-receptor
Glutamaat is de meest
voorkomende boodschapperstof
in het brein, en er zijn een
aantal receptoren waaraan
glutamaat kan binden. Eén zo'n
receptor is de NMDA-receptor.

Microdialyse
Microdialyse is een veel
gebruikte techniek waarbij
een probe in het brein
geplaatst wordt. Door deze
probe stroomt een vloeistof,
en het uiteinde van deze
probe is uitgeriust met een
semi-permeabel membraan.
Boodschapperstoffen in

het brein worden door de
vloeistof opgenomen zodat
later (relatieve) hoeveelheden
bepaald kunnen worden.
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van impulsiviteit in twee subtypen, en de manier waarop
die subtypen samenhangen met elkaar en ander gedrag. De
tweede gaat over de hersengebieden en neurotransmitters die

betrokken zijn bij de subtypen van impulsiviteit.

De verkregen data ondersteunen de eerste hypothese. Zoals
verwacht zijn de twee subtypen van impulsiviteit onafthankelijk
van elkaar, en zijn ze afzonderlijk betrokken bij andere
gedragingen. Het kunnen wachten op uitgestelde beloningen
lijkt vooral belangrijk, en correleert met extinctie en aggressie.
Zulke correlaties maken het mogelijk om in te schatten of
een behandeling die gebruikt wordt voor een aandoening ook
effectief gaat zijn bij een andere aandoening. De omvang van
de correlatie kan zelfs dienen als maat voor het success dat je
zult hebben wanneer je zo'n therapie toepast.

De tweede hypothese heeft ten grondslag gelegen aan veel
onderzoek binnen dit project, maar de toetsing ervan is nog
maar nauwelijks begonnen. In dit proefschriftkomen een aantal
hele duidelijk tekortkomingen van deze hypothese aan hetlicht.
In het bijzonder werd het duidelijk dat het dopaminesysteem
bij veel meer processen betrokken is dan verwacht, en dat de
rol van serotonine veel ongrijpbaarder is. De hypothese is een
nuttig kader waarin onderzoek geinterpreteerd kan worden,

maar vervolgonderzoek en aanpassing is nodig.
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Thank you

T

All parts should go together without forcing.

You must remember that the parts you are reassembling
were disassembled by you. Therefore, if you can’t get
them together again, there must be a reason.

By all means, do not use hammer.

IBM maintenance manual, 1975
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